NONVOLATILE SEMICONDUCTOR MEMORY DEVICE 
METHOD FOR FABRICATING THE SAME 



BACKGROUND OF THE INVENTION 

The present invention relates to a nonvolatile 
semiconductor memory device and to a method for fabricating 
the same. In particular, it relates to a nonvolatile 
semiconductor memory device having memory elements and 
peripheral circuits for inputting and outputting data to and 
from the memory elements formed on a single semiconductor 
substrate and to a method for fabricating the same. 

At present, flash EEPROM (Electrically Erasable 

Programmable ROM) devices fhproin,^ 

> uevices (hereinafter referred to as FEE PROM 

devices, have been used widely in electronic equipment as 
nonvolatile semiconductor memory devices which allow for 
electrical write and erase operations. The structures of 
memory cells in a nonvolatile semiconductor memory element 
can he divided roughly into two types, which are a stacked- 
gate type having a multilayer eiectrode structure composed of 
a floating gate electrode and a control gate electrode 
stacked on a semiconductor substrate and a split-gate type 
having an electrode structure composed of a floating gate 
electrode and a control gate electrode each opposed 
channel region in a semiconductor substrate. 

The memory cells of the split-gate type are larger in 



size tha „ those of the stacked . gate type because ^ 
fioating gat e electrode and controi 

disposed adjacent to each other on the semiconductor 
substrate. In addition, the fioating gate eiectrode and the 
S controi 9 ate eiectrode adjacent to each other are formed by 
individuai iithographic steps, which retires a margin tor 
the aiignment of respective masKs used to for. the fioatin g 
,ate eiectrode and the controi g ate eiectrode. with the 
margin, the »« ry cells tend to fae ^ ^ 

n Gs . 58A t o 58H sho „ the cross . sectional str „ ctures of 

a conventionai spiit- ga te FEEPROM device in the individuai 
process steps. 

First, as shown in FIG. ssa, an insulating film 202 is 
formed on a semiconductor substrate 2 01 composed of siiicon. 
1= Then, controi g ate eiectrodes 2 03 are forced selectively on 
the insulating film 202. 

Next, as shown in fig sttn <-k~ 

58B, the portion of the 

insulating f ilm 202 on region q£ ^ 

substrate 2 0X to be forced with drains is reeved therefrom 
20 by wet etching b y usin g a first .as, pattern 2S1 h avin g an 
opening corresponding to the drain formation region and the 
gate eiectrodes 2 03 as a mas*. Then, boron (B , ions at a 
relatively iow dose are implanted into the semiconductor 
substrate 20 1 such that a lightly doped p-t yP e re g ion 2 04 is 
25 formed in the drain formation region. 
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Next, as shown in FIG. 58C, a silicon dioxide film 
having a thickness of about 100 nm and doped with boron (B) 
and phosphorus (P) (B PSG (Boron Phosphorus Silicate Glass)) 
film is deposited over the entire surface of the 
semiconductor substrate 201. The deposited BPSG film is 
etched back by anisotropic etching to form sidewalls 205 
composed of the BPSG film on the both side surfaces of each 
of the control gate electrodes 203. 

Next, as shown in FIG. 58D, dry etching is performed 
with respect to the semiconductor substrate 201 by using a 
second mask pattern 252 having an opening corresponding to 
the drain formation region of the semiconductor substrate • 201, 
the gate electrode 203, and the side walls 205 as a mask, 
thereby forming a recessed portion 201a having a stepped 
portion composed of the portion of the semiconductor 
substrate 201 underlying the sidewall 205 as the upper stage 
and the drain formation region as the lower stage. 

Next, as shown in FIG. 58E, arsenic (As) ions at a 
relatively low dose are implanted into the semiconductor 
substrate 201 by using the second mask pattern 252, the gate 
electrode 203, and the sidewall 205 as a mask, whereby an LDD 
region 206 as a lightly doped n-type region is formed in the 
drain formation region. 

Next, as shown in FIG. 58F, the sidewalls 205 are 
removed by using vapor-phase hydrofluoric acid and the 



semiconductor substrate 201 is thermally oxidized in an 
oxygen atmosphere at about 850 «C , whereby a thermal oxide 
film 207 with a thickness of about 9 nm is formed over the 
entire surface of the semiconductor substrate 201 including 
the gate electrodes 203. The portion of the thermal oxide 
film 207 overlying the drain formation region serves as a 
tunnel oxide film for each of floating gate electrodes. 

Next, a polysilicon film doped with phosphorus (P) is 
deposited over the entire surface of the semiconductor 
substrate 201 and etched back to form sidewalls composed of 
the polysilicon film on the both side surfaces of the control 
gate electrodes 203. Then, as shown in FIG. 58G, the 
sidewall closer to a region to be formed with sources is 
removed, while the sidewall closer to the drain formation 
region of the semiconductor substrate 201 is divided into 
parts corresponding to individual memory cells on a one-by- 
one basis, thereby forming floating gate electrodes 208 
composed of the polysilicon film in the drain formation 
region. 

Next, as shown in FIG. 58H, arsenic (As) ions are 
implanted into the semiconductor substrate 201 by using the 
gate electrodes 203 and the floating gate electrodes 208 as a 
mask such that source and . drain regions 209 and 210 are 
formed in the source formation region and in the drain 
formation region, respectively, whereby memory cells in the 



FEEPROM device are completed. 

Since the floating gate electrodes 208 each opposed to 
the control gate electrode 203 via the thermal oxide film 208 
serving as a capacitance insulating film is thus formed by 
self alignment relative to the control gate electrode 203, it 
is sufficient to perform only one lithographic step for 
forming the gate electrode 203 and a displacement does not 
occur between the control gate electrode 203 and the floating 
gate electrode 208 during the alignment thereof. 

In a typical method for fabricating the conventional 
FEEPROM device, however, the floating gate electrode 208, the 
thermal oxide film 207, and the control gate electrode 203 
covered with the thermal oxide film 207 which are shown in 
FIG. 58G are mostly composed of polysilicon, a silicon 
dioxide, and polysilicon, respectively. This causes the 
problem that, if the floating gate electrode 208 is to be 
formed selectively by etching, the control gate electrode 203 
composed of the same material composing the floating gate 
electrode 208 may be damaged unless ' the etching speed is 
controlled with high precision. 

Although the thermal oxide film 207 serving as the 
capacitance insulating film between the control gate 
electrode 203 and the floating gate electrode 208 and serving 
as the tunnel insulating film between the floating gate 
electrode 208 and the semiconductor substrate 201 is formed 



in the single step illustrated in FIG. 58F, if the tunnel 
film is formed after the formation of the capacitance, 
insulating film, the interface between the control gate 
electrode 203 and the capacitance insulating film is oxidized 
or a bird's beak occurs at the interface, which causes the 
problem that the thickness of the capacitance insulating film 
is increased locally and the capacitance insulating film does 
not have a specified capacitance value. 

in the split-gate or stacked-gate FEEPROM device, if 
not only the memory cells but also other elements, 
particularly active elements such as MOS transistors each of 
which controls carriers implanted from the source region by 
using the gate electrode, are formed on a single 
semiconductor substrate, it is typical to simultaneously form 
the control gate electrodes of the FEEPROM device and the 
gate electrodes of the MOS transistors. 

In terms of reducing the number of fabrication process 
steps, the conventional fabrication method is desirable since 
it simultaneously forms the control gate electrodes of the 
memory cells and the gate electrodes of the MOS transistors 
contained in, e.g., peripheral circuits or the like for 
controlling the memory cells. However, the memory cells of a 
FEEPROM device are larger in element size than MOS 
transistors whether the FEEPROM device is of the split-gate 
type or stacked-gate type. If the memory cells and the MOS 



transistors are forced simultaneously, eaoh of the memory 
cells and the MOS transistors oannot be formed as an element 
with an optimum structure. if the diffusion region of each 
of the memory cells and the MOS transistors is provided with 
5 an LDD (Lightly Doped Drain, structure, the concentration of 
a diffused impurity differs from one region to another so 
that it is difficult to provide an optimum structure by 
forming each of the elements simultaneously. 

If a method for fabricating a semiconductor device 
10 composed only cf existing „os transistcrs has been 
established, it is not easy to form, on a single substrate, 
the semiconductor device containing the existing „ OS 
transistors and the memory cells of a feeprom device as shown 



in FIGS. 58 

15 



If a method for fabricating a semiconductor device by 
forming, on a single substrate, other memory cells different 
in structure from those shown in FIGS . 58 and MOS transistors 
has been established, it is also not easy to form the other 
memory cells as a replacement for the memory cells shown in 
20 FIG. 58. This is because the fabrication process for the 
memory cells of the FEEPROM, in particular, adversely affects 
the fabrication of the MOS transistors. 

Since the method for fabricating the split-gate FEEPROM 
device shown in FIGS. 58 forms the floating gate electrodes 
25 208 after forming the control gate electrodes 203 on the 
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semiconductor substrate 201, the floating gate electrodes 208 
can be formed by self alignment relative to the control gate 
electrode 203 so that the memory cells are reduced in size. 

As a method for fabricating such memory cells and MOS 
5 transistors on a single semiconductor substrate, the 
following process steps can be considered. 

First, the gate electrodes of the MOS transistors to be 
formed in the other regions of the semiconductor substrate 
201 are formed by simultaneous patterning during the 
10 formation of the control gate electrodes 203 shown in fig. 



58A. 



Next,' as shown in FIGS. 58B to 58G, the process steps 
for fabricating the memory cells are performed. if the 
implant conditions for the LDD region 206 coincide with the 
15 implant conditions for the LDD region of each of the MOS 
transistors, the impurity is implanted simultaneously into 
the LDD region of the MOS transistor. 

Next, as shown in fig «;«m f k„ 

rj.^. son, the source and drain 

regions of each, of the MOS transistors are formed 
20 simultaneously with the formation of the source and drain 

regions 209 and 210 of each of the memory cells. 

Thereafter, a specified interlayer insulating film and 

a specified multilayer interconnect are formed by a normal 

fabrication process, whereby a semiconductor device composed 
25 of the memory cells and the MOS transistors formed on the 
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single semiconductor substrate 201 is implemented. 

in accordance with the fabrication method, however, the 
thermal oxide tUm 207 serving as the tunnel oxide film 
between the semiconductor substrate 201 and each of the 
5 floating gate electrodes 208 is formed also on the upper and 
side surfaces of the gate electrode of each of the MOS 
transistors, which causes the necessity to remove the portion 
of the thermal oxide film 207 covering the gate electrode. 

It is to be noted that the gate electrode of each of 
10 the MOS transistors is typically composed of polysilicon and 
each of the gate oxide fii m and the film protecting the 
source and drain regions of the MOS transistor is a silicon 
dioxide fil m . to selectively remove the thermal oxide film 
207 from the gate electrode composed of polysilicon, 
15 therefore, the etching speed for the MOS transistor should 
also be controlled with high precision, which renders the 
fabrication of the semiconductor device more difficult. 

If the thermal oxide fil m 2 07 of the gate electrode of 
each of the MOS transistors is removed by wet etching using 
20 hydrofluoric acid, e.g., the thermal oxide film 207 covering 
the upper and side surfaces of each of the control gate 
electrodes in the memory cell portion is also etched. if 
etching proceeds to the control gate electrode 203, the 
performance of the control gate electrode 203 may also 
2 5 deteriorate. 



in addition, etching may also proceed to the LDD and 
channel regions of each of the MOS transistors formed in the 
previous steps after the removal of the thermal oxide film 
207. This reduces the depth of a junction in the channel 
region and increases resistance in the channel region, 
resulting in a reduced amount of current between the source 
and drain. As a result, the driving ability of the MOS 
transistor is lowered. 

in the conventional semiconductor device in which the 
memory cells and the MOS transistors are formed on the single 
semiconductor substrate, if only the memory cell portion is 
composed of the split-gate memory cells shown in FIGS . 58, 
the MOS transistors are influenced by thermal hysteresis, 
which has not been observed previously. This causes the 
necessity to change the design of the entire semiconductor 
device. Since the thermal oxide fil m 207 is formed after the 
formation of the LDD region 206, e.g., an implant profile in 
the LDD region of each of the MOS transistors changes to" 
change the operating characteristics of the MOS transistor, 
which causes the necessity to change process conditions 
including an amount of ions to be implanted in the LDD region. 

SUMMARY OF. THE INVENTION 

in view of the foregoing problems, it is therefore a 
first object of the present invention to ensures the 



formation of memory cells in a split-gate nonvolatile 
semiconductor memory device, a second object of the present 
invention is to allow easy replacement of existing memory 
cells with memory cells according to the present invention by 
utilizing a fabrication process for a semiconductor memory 
device in which the existing memory cells and MOS transistors 
are formed on a single semiconductor substrate and prevent 
the memory cells according to the present invention from 
affecting the operating characteristics of the MOS 
transistors . 

To attain the first object, the present invention 
provides a memory cell having a protective insulating film 
formed on a side surface of a control gate electrode to 
protect the control gate electrode from etching. 

To attain the second object, the present invention 
provides a method for fabricating a nonvolatile semiconductor 
memory device in which the memory cell for attaining the 
first object of the present invention is formed first and 
then a transistor is formed, thereby preventing the step of 
forming the . memory cell from affecting the operating 
characteristics of the transistor. 

Specifically, a first nonvolatile semiconductor memory 
device for attaining the .first object of the present 
invention has a control gate electrode and a floating gate 
electrode provided on a semiconductor substrate to have their 



respective side surfaces in opposed relation, the device 
comprising: a gate insulating film formed on the 
semiconductor substrate; the control gate electrode formed on 
the gate insulating film; a protective insulating film 
5 deposited on each of the side surfaces of the control gate 
electrode to protect the control gate electrode during 
formation of the floating gate electrode; the floating gate 
electrode opposed to one of the side surfaces of the control 
gate electrode with the protective insulating film interposed 
10 therebetween so as to be capacitively coupled to the control 
gate electrode; a tunnel insulating film formed between the 
floating gate electrode and the semiconductor substrate; a 
drain region formed in a region of the semiconductor 
substrate containing a portion underlying the floating gate 
15 electrode;, and a source region formed in a region of the 
semiconductor substrate opposite to the drain region relative 
to the control gate electrode. 

Since the first nonvolatile semiconductor memory device 
has the protective insulating film deposited on each of the 
20 side surfaces of the control gate electrode to protect the 
control gate electrode during the formation of the floating 
gate electrode, the configuration of the control gate 
electrode is not impaired by etching or the like during the 
formation of the floating gate electrode. This ensures the 
formation of a memory cell in the nonvolatile semiconductor 
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memory device. 

A second nonvolatile semiconductor memory device for 
attaining the first object of the present invention has a 
control gate electrode and a floating gate electrode provided 
on a semiconductor substrate to have their respective side 
surfaces in opposed relation, the device comprising: a gate 
insulating film formed on the semiconductor substrate; the 
control gate electrode formed on the gate insulating film; a 
protective insulating film deposited only on that one of the 
side surfaces of the control gate electrode opposed to the 
floating gate electrode to protect the control gate electrode 
during formation of the floating gate electrode; the floating 
gate electrode opposed to the side surface of the control 
gate electrode with the protective insulating film interposed 
therebetween so as to be capacitively coupled to the control 
gate electrode; a tunnel insulating film formed between the 
floating gate electrode and the semiconductor substrate; a 
drain region formed in a region of the semiconductor 
substrate containing a portion underlying the floating gate 
electrode; and a source region formed in a region of the 
semiconductor substrate opposite to the drain region relative 
to the control gate electrode. 

Since the second nonvolatile semiconductor memory 
device has the protective insulating film deposited only on 
the side surface of the control gate electrode opposed to the 
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floating gate electrode to protect the control gate electrode 
during the formation of the floating gate electrode, the 
configuration of the control gate electrode is not impaired 
during the formation of the floating gate electrode. This 
5 ensures the formation of a memory cell in the nonvolatile 
semiconductor memory device. 

A third nonvolatile semiconductor memory device for 
* attaining the first object of the present invention has a 
control gate electrode and a floating gate electrode provided 
10 on a semiconductor substrate to have their respective side 
surfaces in opposed relation, the device comprising: a gate 
insulating fii m forraed on the semiconductor substrate; ^ 
control gate electrode formed on the gate insulating film; a 
protective insulating fil m deposited on that one of the side 
15 surfaces of the control gate electrode opposite to the side 
surface opposed to the floating gate electrode to protect the 
control gate electrode during formation of the floating gate 
electrode; a capacitance insulating film formed on the side 
surface of the control gate electrode opposed to the floating 
20 gate electrode; the floating gate electrode opposed to the 
side surface of the control gate electrode with the 
capacitance insulating fii m interposed therebetween so as to 
be capacitively coupled to . the control gate electrode; a 
tunnel insulating fii m formed between tfce float±ng gate 
25 electrode and the semiconductor substrate; a drain region 
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formed in a region of the semiconductor substrate containing 
a portion underlying the floating gate electrode; and a 
source region formed in a region of the semiconductor 
substrate opposite to the drain region relative to the 
control gate electrode. 

Since the third nonvolatile semiconductor memory device 
has the protective insulating film deposited on the side 
surface of the control gate electrode opposite to the 
floating gate electrode to protect the control gate electrode 
during the formation of the floating gate electrode, the 
configuration of the control gate electrode is not impaired 
during the formation of the floating gate electrode. This 
ensures the formation of a memory cell in the nonvolatile 
semiconductor memory device. 

in the third nonvolatile semiconductor memory device, 
the capacitance insulating film preferably has a uniform 
thickness . 

in each of the first to third nonvolatile semiconductor 
memory devices, the protective insulating film preferably has 
a uniform thickness. 

V in each of the first to third nonvolatile semiconductor 
memory devices, the gate insulating film preferably has a 
uniform thickness. 

in each of the first to third nonvolatile semiconductor 
memory devices, the tunnel insulating film preferably has a 



uniform thickness. 

Preferably, each of the first- t-o <-k • J 

ne rirs t to thxrd nonvolatile 

semiconductor memory devices further comprises an insulating 
film formed between the controi gate electrode and the 
5 protective insulating film. 

in each of the first to third nonvolatile semiconductor 
memory devices, the protective insulating film is preferably 
a multilayer structure composed of a plurality of stacked 
insulating films having different compositions. 
10 in each of the first to third nonvolatile semiconductor 

memory devices, the semiconductor substrate preferably has a 
stepped portion forced to be covered up with the floating 
gate electrode. 

A first method for fabricating a nonvolatile 
15 semiconductor memory device, which is for attaining the first 
object of the present invention, comprises: a control-gate- 
electrode forming step of forming a first insulating film on 
a semiconductor substrate, patterning a conductor film formed 
on the first insulating film, and thereby # 
20 gate electrode from the conductor film; a second-insulating- 
film depositing step of depositing a second insulating film 

over the entire surface of 

surrace of the semiconductor substrate 

including the control gate e i ectr M 0 

gate electrode; a protective- 
insulating-film depositina st-o^ 

positing step of selectively removing the 

second insulating film so ae ■ 

9 xnm so as to leave a portion of the second 
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insulating film located on each of side surfaces of the 
control gate electrode and thereby forming, from the second 
insulating film, a protective insulating film for protecting 
the control gate electrode; a gate-insulating-film forming 
step of selectively removing the first insulating film so as 
to leave a portion of the first insulating film underlying 
the control gate electrode and thereby forming a gate 
insulating film from the first insulating film; a tunnel- 
insulating-film forming step of forming, on the semiconductor 
substrate, a third insulating film serving as a tunnel 
insulating film; a floating-gate-electrode forming step of 
forming by self alignment a floating gate electrode 
capacitively coupled to one of side surfaces of the control 
gate electrode with the protective insulating film interposed 
therebetween and opposed to the semiconductor substrate with 
the tunnel insulating film interposed therebetween; and a 
source/drain forming step of implanting an impurity into the 
semiconductor substrate by using the control gate electrode 
and the floating gate electrode as a mask and thereby forming 
a source region and a drain region in the semiconductor 
substrate. 

in accordance with the first method for fabricating a 
nonvolatile semiconductor " memory device, each - of the side 
surfaces of the control gate electrode is covered with the 
protective insulating f ilm also serving as the capacitance 
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insulating film when the floating gate electrode capacitively 
coupled to one of the side surfaces of the control gate 
electrode with the protective insulating fii m interposed 
therebetween and opposed to the semiconductor substrate with 
the tunnel insulating f ii m interposed therebetween is formed 
by self alignment. The arrangement prevents damage caused by 
etching to the control gate electrode and ensures the 
formation of a memory cell in the nonvolatile semiconductor 
memory device. 

second method for fabricating a nonvolatile 
semiconductor memory device, which is for attaining the first 
object of the present invention, comprises: a control-gate- 
electrode forming step of forming a first insulating film on 
a semiconductor substrate, patterning a conductor film formed 
15 on the first insulating film, and thereby forming a control 
gate electrode from the conductor film; a second-insulating- 
film depositing step of depositing a second insulating film 
over the entire surface of the semiconductor substrate 
including the control gate electrode; a sidewall forming step 
20 of forming sidewalls over the first insulating film and on 
portions of the second insulating film located on side 
surfaces of the control gate electrode; a protective- 
insulating-film forming step of performing etching with 
respect to the first and second insulating films by using the 
25 sidewalls and the control gate electrode as a mask and 
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thereby forming, f rom the second insulating film, a 
protective insulating fil m for protecting the control gate 
electrode on each of the side surfaces of the control gate 
electrode, while forming, from the first insulating film, a 
gate insulating film under the control gate electrode; a 
tunnel-insulating-film forming step of removing the sidewalls 
and then forming, in a region in which the semiconductor 
substrate is exposed, a third insulating film serving as a 
tunnel insulating film; a floating-gate-electrode forming 
step of forming by self alignment a floating gate electrode 
capacitively coupled to one of the side surfaces of the 
control gate electrode with the protective insulating film 
interposed therebetween and opposed to the semiconductor 
substrate with the tunnel insulating film interposed 
therebetween; and a source/drain forming step of implanting 
an impurity into the semiconductor substrate by using the 
control gate electrode and the floating gate electrode as a 
mask and thereby forming a source region and a drain region 
in the semiconductor substrate. 

in accordance with the second method for fabricating a 
nonvolatile semiconductor memory device, each of the side 
surfaces of the control gate electrode is covered with the 
protective insulating film when the floating gate electrode 
capacitively coupled to one of the side surfaces of the 
control gate electrode with the protective insulating film 



interposed therebetween and opposed to the semiconductor 
substrate with the tunnel insulating fii m interp osed 
therebetween is formed by self alignment. The arrangement 
prevents damage caused by etching to the control gate 
electrode and ensures the formation of a memory cell in the 
nonvolatile semiconductor memory device. 

in the second method for fabricating a nonvolatile 
semiconductor memory device, the tunnel-insulating-f il m 
forming step preferably includes removing the sidewalls and 
then selectively removing respective portions of the 
protective insulating fii m covered with bottom surfaces of 
the sidewalls. The arrangement suppresses the trapping of 
electrons or holes in the portions of the protective 
insulating film covered with the bottom surfaces of the 
sidewalls and thereby suppresses the degradation of a memory 
element due to an increase in the number of write or erase 
operations performed with respect to the memory clement. 

in this case, the tunnel-insulating-f ilm forming step 
preferably includes the step of selectively removing the 
respective portions of the protective insulating film covered 
with the bottom surfaces of the sidewalls and then 
selectively removing respective portions of the gate 
insulating film covered with the bottom surfaces of the 
sidewalls. The arrangement suppresses the trapping of 
electrons or holes in the portions of the gate insulating 
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film covered with the bottom surfaces of the sidewalls and 
thereby reduces the degradation of the write and erase 
characteristics of a memory element. 

Preferably, the second method for fabricating a 
nonvolatile semiconductor memory device further comprises, 
between the protective-insulating-f ilm forming step and the 
tunnel-insulating-film forming step, the step of: performing 
etching with respect to the semiconductor substrate by using 
the sidewalls as a mask and thereby forming a stepped portion 
to be covered up with the floating gate electrode in a region 
of the semiconductor substrate to be formed with the floating 
gate electrode. The arrangement increases the efficiency 
with which electrons are implanted into the floating gate 
electrode. 

15 in the first or second method for fabricating a 

nonvolatile semiconductor memory device, the tunnel- 
insulating-film forming step preferably includes the step of 
forming the third insulating film also on the protective 
insulating film. 

20 A third method for fabricating a nonvolatile 

semiconductor memory device, which is for attaining the fi rst 
object of the present invention, comprises: a control-gate- 
electrode forming step of forming a first insulating film on 
a semiconductor substrate, patterning a conductor film formed 

25 on the first insulating f ilm , and thereby forming a 
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gate electrode from the conductor film; a second-insulating- 
film depositing step of depositing a second insulating film 
over the entire surface of the semiconductor substrate 
including the control gate electrode; a protective- 
insulating-film forming step of selectively removing the 
second insulating film so as to leave a portion of the second 
insulating film located on one Qf side surfaces q£ ^ 

control gate electrode and thereby forming , from the second 
insulating film, a protective insulating film for protecting 
the one of the side surfaces of the control gate electrode; a 
gate-insulating-film forming step of selectively removing the 
first insulating film so as to leave a portion of . the first 
insulating film underlying the control gate electrode and 
thereby forming a gate insulating film from the first 
insulating film; a tunnel-insulating-film forming step of 
forming, on the semiconductor substrate, a third insulating 
film serving as a tunnel insulating film; a floating-gate- 
electrode forming step of forming by self alignment a 
floating gate electrode capacitively coupled to the side 
surface of the control gate electrode with the protective 
insulating film interposed therebetween and opposed to the 
semiconductor substrate with the tunnel insulating film 
interposed therebetween; and a source/drain forming step of 
implanting an impurity into the semiconductor substrate by 
using the control gate electrode and the floating gate 
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electrode as a mask and thereby forming a source region and a 
drain region in the semiconductor substrate. 

in accordance with the third method for fabricating a 
nonvolatile semiconductor memory device, one of the side 
surfaces of the control gate electrode is covered with the 
protective insulating f ilm also serving as the capac±tance 
insulating film when the floating gate electrode capacitively 
coupled to the side surface of the control gate electrode 
with the protective insulating film interposed therebetween 
and opposed to the semiconductor substrate with the tunnel 
insulating film interposed therebetween is formed by self 
alignment. The arrangement reduces damage caused by etching 
to the control gate electrode and ensures the formation of a 
memory cell in the nonvolatile semiconductor memory device. 

A fourth method for fabricating a nonvolatile 
semiconductor memory device, which is for attaining the first 
object of the present invention, comprises: a control-gate- 
electrode forming step of forming a first insulating film on 
a semiconductor substrate, patterning a conductor film formed 
on the first insulating film, and thereby forming a control 
gate electrode from the conductor film; a second-insulating- 
film depositing step of depositing a second insulating film 
over the entire surface pf the semiconductor substrate 
including the control gate electrode; a sidewall forming step 
of forming sidewalls over the first insulating film and on 
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portions of the second insulating film located on side 
surfaces of the control gate electrode; a protective- 
insulating-film forming step of performing etching with 
respect to the first and second insulating films by using the 
sidewalls and the control gate electrode as a mask and 
thereby forming, from the second insulating film, a 
protective insulating film for protecting the control gate 
electrode on each of the side surfaces of the control gate 
electrode, while forming, from the first insulating film, a 
gate insulating film under the control gate electrode; a 
protective-insulating-film removing step of removing the 
sidewalls and then selectively removing the protective 
insulating film so as to leave a portion of the protective 
insulating film located on one of the side surfaces of the 
control gate electrode; a tunnel-insulating-film forming step 
of forming, in a region in which the semiconductor substrate 
is exposed, a third insulating film serving as a tunnel 
insulating film; a floating-gate-electrode forming step of 
forming by self alignment a floating gate electrode 
capacitively coupled to the side surface of the control gate 
electrode with the protective insulating film interposed 
therebetween and opposed to the semiconductor substrate with 
the tunnel insulating film . interposed therebetween; and ' a 
source/drain forming step of implanting an impurity into the 
semiconductor substrate by using the control gate electrode 
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and the floatin, ga te electrode as , ^ ^ 
a source re g ion and a drain re g ion in the semiconductor 



substrate. 



in accordance with the fourth method for fabricate, a 
5 nonvolatile semiconductor memory device, one of the side 
surfaces of the control g ate electrode is covered with the 
protective insulati„ g £iX m also servi„ g as the capacitance 
insulatin, film „ hen che fwing gate ^^.^ 

coupled to the side surface of the control ga te electrode 
10 with the protective insulatin, film interposed therebetween 
and opposed to the semiconductor substrate with the tunnel 
insulatin, film interposed therebetween is formed by self 
ali 9 nment. The arran g eme„t reduces dama g e caused by etchin, 
to the control ga te electrode and ensures the formation of a 
15 memory cell i„ the nonvolatile semiconductor memory device. 

in the fourth method for fabricatin, a nonvolatile 
semiconductor memory device, the 

removi„ g step preferably includes the step of removin, the 
sidewalls and then selectively removin, respective portions 
20 Of the protective insulatina film covered with bottom 
surfaces of the sidewalls. 

m this case, the protective-i„sulati„ g -f ilm removing 
step preferably i ncludes the step o£ ..^^ ^ 

respective portions of the protective i„sulati„ g film covered 

25 with the bottom surfaces of th» 

urraces of the sidewalls and then 

25 



\ 



selectively removing respective, portions of the gate 
insulating film covered with the bottom surfaces of the 
sidewalls. - 

Preferably, the third or fourth method for fabricating 
a nonvolatile semiconductor memory device further comprises, 
between the protective-insulating-film forming step and the 
protective- insulating-film removing step, the step of: 
performing etching with respect to the semiconductor 
substrate by using the sidewalls as a mask and thereby 
forming a stepped portion to be covered up with the floating 
gate electrode in a region of the semiconductor substrate to 
be formed with the floating gate electrode. 

in the third or fourth method for fabricating a 
nonvolatile semiconductor memory device, the tunnel- 
insulating-film forming step preferably includes the step of 
forming the third insulating film also on the protective 
insulating film. 

Preferably, the third or fourth method for fabricating 
a nonvolatile semiconductor memory device further comprises,, 
between the control-gate-electrode forming step and the 
second-insulating-film depositing step, the step of: 
introducing hydrogen and oxygen into a space over the heated 
semiconductor substrate, generating water vapor from the 
introduced hydrogen and oxygen over the semiconductor 
substrate, and thereby forming an insulating film on each of 



side portions of the control gate electrode. 

in this case, the protective-insulating-f ilm forming 
step preferably includes forming the protective insulating 
film by stacking a plurality of insulating films naving 
different compositions. 

in the third or fourth method for fabricating a 
nonvolatile semiconductor memory device, the tunnel- 
insulating-film forming step preferably includes the step of 
introducing hydrogen and oxygen into a space over the heated 
semiconductor substrate, generating water vapor from the 
introduced hydrogen and oxygen over the semiconductor 
substrate, and thereby forming the tunnel insulating film, 
while forming an insulating fila having a composition 
different from a composition of the protective insulating 
film on a surface of the protective insulating film. 

A fifth method for fabricating a nonvolatile 
semiconductor memory device, which is for attaining the first 
object of the present invention, comprises: a control-gate- 
electrode forming step of forming a first insulating film on 
a semiconductor substrate, patterning a conductor film formed 
on the first insulating fii m , and thereby fQrming a 
gate electrode from the conductor film; a second-insulating- 
film depositing step of depositing a second insulating fiim 
over the entire surface of the semiconductor substrate 

including the control aatf» j 

gate electrode; a protective- 



insulating-film forming step of selectively removing the 
second insulating fil m so as to leave a portion q£ ^ 

insulating film located on that one of the side surfaces of 
the control gate electrode opposite to the side surface to be 
formed with a floating gate electrode and thereby forming, 
from the second insulating film, a protective insulating film 
for protecting the control gate electrode; a gate-insulating- 
film forming step of selectively removing the first 
insulating film so as to remove a portion of the first 
insulating film underlying the control gate electrode and 
thereby forming a gate insulating film from the first 
insulating film; a capacitance-insulating-film forming step 
of forming a capacitance insulating film on that one of the 
side surfaces of the control gate electrode to be formed with 
the floating gate electrode; a tunnel-insulating-film forming • 
step of forming a tunnel insulating film on the semiconductor 
substrate; a floating-gate-electrode forming step of forming 
by self alignment the floating gate electrode capacitively 
coupled to the side surface of the control gate electrode 
with the capacitance insulating film interposed therebetween 
and opposed to the semiconductor substrate with the tunnel 
insulating film interposed therebetween; and a source/drain 
forming step of implanting an impurity into the semiconductor 
substrate by using the control gate electrode and the 
floating gate electrode as a mask and thereby forming a 



28 



source region and a drain region in the semiconductor 
substrate. 

In accordance with the fifth method for fabricating a 
nonvolatile semiconductor memory device, the side surface of 
the control gate electrode opposite to the floating gate 
electrode is covered with the protective insulating film when 
the floating gate electrode capacitively coupled to the side 
surface of the control gate electrode with the capacitance 
insulating film interposed therebetween and opposed to the 
semiconductor substrate with the tunnel insulating film 
interposed therebetween is formed by self alignment. The 
arrangement prevents damage caused by etching to the control 
gate electrode and ensures the formation of a memory cell in 
the nonvolatile semiconductor memory device. 

A sixth method for fabricating a nonvolatile 
semiconductor memory device, which is for attaining the first 
object of the present invention, comprises: a control-gate- 
electrode forming step of forming a' first insulating film on 
a semiconductor substrate, patterning a conductor film formed 
on the first insulating film, and thereby forming a control 
gate electrode from the conductor film; a second-insulating- 
film depositing step of depositing a second insulating film 
over the entire surface of the semiconductor substrate 
including the control gate electrode; a sidewall forming step 
of forming sidewalls over the first insulating film and on 



portions of the second insulating film located on side 
surfaces of the control gate electrode; a protective- 
insulating-film forming step of performing etching with 
respect to the first and second insulating films by using the 
sidewalls and the control gate electrode as a mask and 
thereby forming, from the second insulating film, a 
protective insulating film for protecting the control gate 
electrode on each of the side surfaces of the control gate 
electrode, while forming, from the first insulating film, a 
gate insulating film under the control gate electrode; a 
protective-insulating-film removing step of removing the 
sidewalls and then selectively removing a portion of the 

f' 

protective insulating film located on that one of the side 
surfaces of the control gate electrode to be formed with a 
floating gate electrode; a capacitance-insulating-film 
forming step of forming a capacitance insulating film on the 
side surface of the control gate electrode to be formed with 
the floating gate electrode; a tunnel-insulating-film forming 
step of forming a tunnel insulating film in a region in which 
the semiconductor substrate is exposed; a floating-gate- 
electrode forming step of forming by self alignment the 
floating gate electrode capacitively coupled to the side 
surface of the control gate, electrode with, the capacitance 
insulating film interposed therebetween and opposed to the 
semiconductor substrate with the tunnel insulating film 
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interpose, therebetween; and a source/drain . forming step of 
inplantin, an ^purity into the semiconductor substrate" by 
using the control gate electrode and the floating gate 
electrode as a mas, and thereby forming a source region and a 
5 drain region in the semiconductor substrate. 

in accordance with the sixth method for fabricating a 
nonvolatile semiconductor memory device, the side surface of 
the contro! gate electrode opposite to the floating gate 
electrode is covered with the protective insulating film when 

0 the floating gate electrode capacitively coupled to the side 
surface of the control gate electrode with the capacitance 
insulating film interposed therebetween and opposed to the 
semiconductor substrate with the tunnel insulating film 
interposed therebetween is formed by self alignment. The 

1 arrangement reduces damage caused by etching to the control 

gate electrode and ensures the formation of a memory cell i„ 

the nonvolatile semiconductor memory device. 

In the sixth method for ^ aK _ . . 

a ror fabricating a nonvolatile 

semiconductor memory device, the protective-insulating-f il m 
removing step preferably includes the step of renoving the 
sidewalls and then selectively removing respective portions' 
of the protective insulating film covered with bottom 
surfaces of the sidewalls. 

in this case, the protective-insulating.f il m removing 
step preferably includes the step of selectively removing the 



respective portions of the r>™+-«„- • 

s or the protectxve insulating fii m covered 

with the bottom surfaces of the sidewalls and then 
selectively removing respective portions of the gate 

insulating film covered with the k«*«- 

witn the bottom surfaces of the 

5 sidewalls. 

Preferably, the sixt „ method ^ ^.^.^ _ 
nonvoiatiie semiconductor memory «ce further comprlses< 
between the Protective-insulating-f u„ forming step and the 
protective-ins^ting-fi^ removing step< ^ ^ ^ 
10 performing et C hi„ g Mlth respect ^ ^ 

substrate b y using the sidewaiis as a mas* and thereby 
rowing, a stepped portion to be covered up with the floating 

gate electrode in a reaion <->f +-k • 

region of the semiconductor substrate to 

be formed with the floating gate electrode. 

in the fi fth or sixth method for fabricating a 
nonvolatile semiconductor memory device, the capacitance- 
insulating-film forming step and the tunnel-insulating-film 
forming step are preferably composed of identical steps 
proceeding concurrently. 

m the fifth or sixth method for fabricating a 
nonvoiatile semiconductor memory device, the capacitance- 
insu lat i„g-f iln £orming step Qr tunnel . insulating . £iim 

arming step p re ferab ly inciudes the step of introducing 

hydrogen and oxygen ini-o 

ygen into a space over the heated 

25 semiconductor substrate • 

srrate, generating water vapor from the 
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introduced hydrogen and oxygen over the semiconductor 
substrate, and thereby forming the capacitance insulating 
film or the tunnel insulating film. 

in each of the first to sixth methods for fabricating a 
nonvolatile semiconductor memory device, the second 
insulating film is preferably a multilayer structure composed 
of a plurality of stacked insulating films having different 
compositions • 

To attain the second object, in each of the first to 
sixth methods for fabricating a nonvolatile semiconductor 
memory device, the semiconductor substrate preferably has a 
memory circuit formation region including the source region 
and the drain region and a peripheral circuit formation 
region to be formed with a peripheral circuit containing a 
field-effect transistor for generating and outputting a drive 
signal to the control gate electrode, the floating gate 
electrode, the source region, or the drain region, the method 
further comprising the step of: forming the field-effect 
transistor in the peripheral circuit formation region after 
forming the source region and the drain region in the memory 
circuit formation region. 

The arrangement prevents the memory cell of the present 
invention from affecting the operating characteristics of a 
field-effect transistor composing the peripheral circuit and 
thereby implements a nonvolatile semiconductor memory device 
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having desired characteristics. 

in this case, the step of forming the control gate 
electrode in the memory circuit formation region preferably 
includes the step of forming also a conductor fii m for 
forming a gate electrode of the field-effect transistor 
simultaneously with the formation of the conductor fil m on 
the first insulating tUm. Although the step of completing a 
field-effect transistor in the peripheral circuit is 
performed subsequently to the step of producing a memory cell, 
the conductor f ii m on the first insulating f ^ . g fomed 
simultaneously with the formation of the conductor film for 
forming the gate electrode in the memory circuit formation 
region. Accordingly, the arrangement omits the step of 
forming the conductor film for the field . effect transistor 
without affecting the operating characteristics of the field- 
effect transistor and thereby reduces the number of process 
steps • 

in this case, the step of forming the control gate 
electrode in the memory circuit formation region preferably 
includes the step of patterning also a conductor film for 
forming a gate electrode of the field-effect transistor 
simultaneously with the patterning of the conductor film. 
The arrangement omits the. patterning step for the gate 
electrode of a field-effect transistor without affecting the 
operating characteristics of the field-effect transistor and 
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thereby reduces the number of process steps. 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a structural cross-sectional view of a memory 
element in a nonvolatile semiconductor memory device 
according to a first embodiment of the present invention; 

FIGS. 2A to 2C are structural cross-sectional views 
illustrating the individual process steps of a method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIGS. 3A to 3C are structural cross-sectional views 
illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIGS. 4A to 4C are structural cross-sectional views 
illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIGS. 5A to 5C are structural cross-sectional views 
illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIGS. 6A to 6C are structural cross-sectional views 
illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
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according to the first embodiment; 

FIGS. 7A to 7c are structural cross-sectional views 
illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
5 according to the first embodiment; 

FIGS. 8A to 8C are structural cross-sectional views 
illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIGS. ,a to 9C are structural cross . sectional v . ews 
illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIGS, ioa to IOC are structural cross-sectional views 
15 illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIGS. UA to lie are structural cross-sectional views 
illustrating the individual process steps of the method for 
20 fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIGS. 12a to 12C are structural cross-sectional views 
illustrating the individual . process steps o, the method for 
fabricating the nonvolatile semiconductor memory device 
25 according to the first embodiment ; 
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FIGS. 13A to 13C are structural cross-sectional views 
illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 
5 FIGS. 14A to 14C are structural cross-sectional views 

illustrating the individual process steps of the method for 
fabricating the nonvolatile semiconductor memory device 
according to the first embodiment; 

FIG. is is a structural cross-sectional view of a 
10 memory element in a nonvolatile semiconductor memory device 
according to a variation of the first embodiment; 

FIG. 16 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a second embodiment of the present invention; 
15 FIGS. 17A to 17H are structural cross-sectional views 

illustrating the individual process steps of a method for 
fabricating the memory element in the nonvolatile 
semiconductor memory device according to the second 
embodiment; 

20 FIG. 18 is a structural cross-sectional view of a 

memory element in a nonvolatile semiconductor memory device 
according to a variation of the second embodiment; 

FIG. 19 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
25 according to a third embodiment of the present Invention; 
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FIGS. 20A to 20H are structural cross-sectional views 
illustrating the individual process steps of a method for 
fabricating the memory element in the nonvolatile 
semiconductor memory device according to the third 
embodiment; 

FIG. 21 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a variation of the third embodiment; 

FIG. 22 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a^fourth embodiment of the present invention; 

FIGS. 23A to 23H are structural cross-sectional views 
illustrating the individual process steps of a method for 
fabricating the memory element i„ the nonvolatile 
semiconductor memory device according to the fourth 
embodiment; 

FIG. 24 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a variation of the fourth embodiment; 

FIG. 25 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a fifth embodiment of the present invention; 

FIGS. 26A to 26H are structural cross-sectional views 
illustrating the individual process steps of a method for 
fabricating the memory element in the nonvolatile 
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semiconductor memory device according to the fifth 
embodiment; 

FIG. 27 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
5 according to a variation of the fifth embodiment; 

FIG. 28 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a sixth embodiment of the present invention; 

FIGS. 29A to 29H are structural cross-sectional views 
10 illustrating the individual process steps of a' method for 
fabricating the memory element in the nonvolatile 
semiconductor memory device according to the sixth 
embodiment; 

FIG. 30 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a variation of the sixth embodiment; 

FIG. -31 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a seventh embodiment of the present invention; 

FIGS. 32A to 32H are structural cross-sectional views 
illustrating the individual process steps of a method for 
fabricating the memory element i„ the nonvolatile 
semiconductor memory device according to the seventh 
embodiment; 

25 FIG - 33 13 a structural cross-sectional view of a 
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memory element in a nonvolatile semiconductor memory device 
according to a variation of the seventh embodiment; 

FIG. 34 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
5 according to an eighth embodiment of the present invention; 

FIGS. 35A to 35H are structural cross-sectional views 
illustrating the individual process steps of a method for 
fabricating the memory element in the nonvolatile 
semiconductor memory device according to the eighth 
10 embodiment; 

FIG. 36 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a variation of the eighth embodiment; 

FIG. 37A is a structural cross-secticnal view of a 
15 memory element in a nonvolatile semiconductor memory device 
according to a ninth embodiment of the present invention; 

FIGS. 37B to 37D are structural cross-sectional views 
of a memory element in a nonvolatile semiconductor memory 
device according to a variation of the ninth embodiment; 
*• FIGS. 38A to 38G are structural cross-sectional views 

illustrating the individual process steps of a method for 
fabricating the memory element i„ the nonvolatile 
semiconductor memory device according to the ninth 



embodiment ; 
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FIG. 39 is a structural cross-sectional view of a 
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"emory element in . nonvolatile semiconductor memory device 
according to a tenth ^i, ent of tne present invention; 

FIGS. 40A to 40H are structural cross-sectional views 
illustrating the individual process ^ Qf ^ ^ ^ 
* fabricating the „ ry element in ^ nonvolatlie 

semxconductor memory device a ^H' 

y aevxce according to the tenth 

embodiment; 

FIGS. 41A and 41B are structural cross-sectional views 
of other examples of the memory element in the nonvolatile 
10 semiconductor memory device according to the tenth 
embodiment; 

FIGS. 42 A and 42B are structural cross-sectional views 
of other examples of the memory element in the nonvolatile 

semiconductor memory device ar ,nr^ 

y aevice according to the tenth 

15 embodiment; 

FIG. 43 is a structural cross-sectional view of another 
-ample of the memory element in the nonvolatile 
semiconductor memory device according to the tenth 
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embodiment; 

FIG. 44 is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a variation of the tenth embodiment; 

FIG. 4 5 is a structural cross-sectional view of another 
-ample of the memory element in the nonvolatile 
semiconductor memory device according to the variation of the 
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tenth embodiment; 

FIG. 46 is a structural cross-sectional view of another 
example o£ the memory element in the nonvolatile 
semiconductor memory device according to the variation of the 
tenth embodiment; 

FIG. 47 is a structural cross-sectional view of 
another example o, the memory element in the nonvolatile 
semiconductor memory device according to the variation of the 
tenth embodiment; 

FIG. 48 is a . structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to an eleventh embodiment of the present invention; 

FIGS. 49A to 49H are structural cross-sectional views 
illustrating the individual process steps of a method for 
fabricating the memory element i» the nonvolatile 
semiconductor memory device according to the eleventh 
embodiment; 

FIG. 50 is a structural cross-sectional view of another 
example of the memory element in the nonvolatile 
semiconductor memory device according to the eleventh 
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embodiment ; 



FIG. 51 is a structural cross-sectional view of 
another example of the memory element in the nonvolatile 
semiconductor memory device according to the eleventh 



25 embodiment; 
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FIG. 52 is a structural cross-sectional view of 
another example of the memory element in the nonvolatile 
semiconductor memory device according to the eleventh 
embodiment;. 

FIG. 53 -is a structural cross-sectional view of a 
memory element in a nonvolatile semiconductor memory device 
according to a twelfth embodiment of the present invention; 

FIGS. 54A to 54H are structural cross-sectional views 
illustrating the individual process steps of a method for 
fabricating the ra emory element in the nonvolatile 
semiconductor memory device according to the twelfth 
embodiment; 

FIG. 55 is a structural cross-sectional view of another 
example of the memory element in the nonvolatile 
semiconductor memory device according to the twelfth 
embodiment; 

FIG. 56 is a structural cross-sectional view of 
another example of the memory/element in the nonvolatile 
semiconductor memory device according to the twelfth 
embodiment; 

FIG. 57 is a structural cross-sectional view of 
another example of the memory element in the nonvolatile 

semiconductor memory devirp . . 

y aevxce according to the twelfth 

embodiment; and 

FIGS. 58A to 58H are structural cross-sectional views 
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illustrating the individual process steps of a method for 
fabricating a memory element in a conventional split-gate 
FEEPROM device. 

DETAILED DESCRIPTION OF THE INVENTION 

EMBODIMENT 1 

A nonvolatile semiconductor memory device according to 
a first embodiment of the present invention and a method for 
fabricating the same will be described with reference to the 
drawings . 

The description will be given first to a memory element 
(memory cell) in the nonvolatile semiconductor memory device. 

FIG. 1 shows a cross-sectional structure of the memory 
element in the nonvolatile semiconductor memory device 
according to the first embodiment. As shown in FIG. 1, a 
control gate electrode 13 composed of n-type polysilicon is 
formed on a semiconductor substrate 11 composed of p-type 
silicon via a gate oxide film 12 with a thickness of about 
13.5 nm. a protective insulating film 14 for protecting the 
control gate electrode 13 during the formation of a floating 
gate electrode 15 is formed on each of the side surfaces of 
the control gate electrode 13. The protective insulating, 
film 14 is composed of a silicon dioxide film or a silicon 
nitride film deposited thereon and having a thickness of 
about 7 nm or of a multilayer structure thereof. The 
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floating gat. eiectrode 15 is formed on one of the side 
surfaces of the control gate electrode 13 in opposing and 
capacitively coupled relation to the control gate electrode 
» with the protective insulating film 14 interposed 
therebetween.. The portion of the protective insulating film 
14 opposed to the floating gate electrode 15 functions as a 
capacitance insulating film. 

A tunnel insulating film is with a thickness of about 9 

nm is formed between the semiconductor substrate 11 and the 

floating gate electrode 15. 

An n-type drain region lib is forced in a region of the 
semiconductor substrate 11 including a lower part of the 
floating gate electrode 15, while an n-type source region 11a 
is formed in a region of the semiconductor substrate 11 
opposite to the drain region lib relative to the control gate 
electrode 13. 

Referring to the drawing, . detailed description will 
be given to a method far fabricating the nonvolatile 
semiconductor memory device including the memory element thus 
constituted, a „os transistor in a peripheral circuit for 
driving the memory element, a resistor element in the 
peripheral circuit, and the like. 

FIGS . 2A to 14C show cross-sectional structures of the 
nonvolatile semiconductor memory device according to the 
first embodiment in the individual process steps of the 
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fabrication method therefor. 

By way of example, a semiconductor substrate 21 
composed of single-crystal silicon and including a p-type 
semiconductor region containing a P -ty P e impurity at a 
5 concentration of about 5 x 10- cm- to 5 x 10" cm- is used 
herein below. 

(1) Formation of Isolation Regions 

First, isolation regions for dielectrically isolating 
10 elements including the memory element, the MOS transistor, 
and the li ke are formed in upper portion of the semiconductor 
substrate 21. 

Specifically, the semiconductor substrate 21 is 
thermally oxidized in an oxygen atmosphere at a temperature 
15 of about 900 °C, whereby a first thermal oxide film 22 with a 
thickness of about 10 nm is formed on a principal surface of 
the semiconductor substrate 21. Subsequently, monosilane 
(SiH«), ammonia <NH 3 ), and nitrogen (N 2 ) are caused to react 
at a temperature of about 760 X by plasma vapor deposition 
20 (plasma CVD (Plasma Chemical Vapor Deposition) so that a 
first silicon nitride (Si xNy ) film 23 with a thickness of 
about 150 nm is deposited on the first thermal oxide film 22. 

Next, as shown in FIG 2A, a mask pattern 101 composed 
of a resist film patterned with openings over a plurality of 
25 isolation regions is formed by photolithography on the 
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deposited first silicon nitride film 23. By using the formed 
mask pattern 101, anisotropic dry etching is performed with 
respect to the first silicon nitride film 2 3, the first 
thermal oxide film 23, and the semiconductor substrate 21, 
5 thereby forming a plurality of isolation trenches 21a each at 
a depth of about 400 nm measured from the upper surface of 
the first silicon nitride film 23. By forming the plurality 
of isolation trenches 21a, a memory element portion 3 is 
formed in a memory circuit formation region 1, while a low- 
10 voltage n-type channel transistor portion 4, a low-voltage p- 
type channel transistor portion 5, a high-voltage n-type 
channel transistor portion 6, a high-voltage P -type channel 
transistor portion 7, a resistor element portion 8, and a 
capacitor element portion 9 are formed in a peripheral 
15 circuit formation region 2. m the iow-voltage transistor 
portions 4 and 5, logic transistors each driven at a voltage 
of about 1.8 v are formed. m the high-voltage transistor 
portions 6 and 7, on the other hand, high breakdown voltage 
transistors each driven at a voltage of about 6 v are formed. 
20 it is to be noted that the memory circuit formation region 1 
and the peripheral circuit formation region 2 exist mixedly 
in the region shown in FIG. 2A. After the mask pattern 101 
is removed, the semiconductor substrate 21 is thermally 
oxidized in an oxygen atmosphere at a temperature of about 
900 °C , whereby a thermal oxide film (not shown) with a 
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thickness of about 25 nm is ~ 

^ 1S f °rn>ed on an exposed surface of 

each of the isolation trenches 21a. This covers the 
interface between the semiconductor substrate 21 and each of 
the isolation trenches 21a with a highest-quality oxide film 
5 and improves the operation and long-term reliability of each 
of the elements. 

Next, as shown in FIG. 2B, monosilane (SiH 4 ) is 
thermally decomposed by vacuum vapor deposition (vacuum CVD) 
performed at a temperature of about 760 «C and under a 
10 pressure of about 20 x 133.3 mPa, whereby a first silicon 
dioxide film 24A with a thickness of about 700 nm is 
deposited over the entire surface of the first silicon . 
nitride film 23 to fill in the isolation trenches 21a At 
this time, the regions of the upper surface of the first 
15 silicon dioxide film 24 located above the first silicon 
nitride film 23 protrude convexly from the other regions, 
though they are not depicted. Subsequently, a mask pattern 
102 for masking the regions located above the respective 
isolation trenches 21a is f orm ed on the deposited first 
20 silicon dioxide film 24A. By using the formed mask pattern 
102, isotropic etching using hydrofluoric acid is performed 
with respect to the first silicon dioxide film 24A. The 
isotropic etching is performed continuously till the 
protruding portions of the first Silicon dioxide film 24A are 
25 removed and the upper surface of the first silicon dioxide 
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film 24A is substantially planarized. 

Next, as shown in FIG. 2C, the mask pattern 102 is 
removed and the upper surface of the first silicon dioxide 
film 24A is polished by chemical mechanical polishing (CMP) 
such that the portions of the first silicon dioxide fil m 24A 
filled in the isolation trenches 21a are left, whereby 
isolation regions 24B are forced in the individual isolation 
trenches 21a. 

(2) Formation of Well Regions 

Next, a well region is formed for each of the elements. 
First, to increase the isolation breakdown voltage of 
the memory circuit formation region 1, a deep n-type well 
region 25 is formed in the memory element portion 3 of the 
memory circuit formation region 1 and in the resistor element 
portion 8 of the peripheral circuit formation region 2. 
Specifically, as shown in FIG. 3A, a mask pattern 103 having 
openings over the memory element portion 3 and the resistor 
element portion 8 is formed on the first thecal oxide film 
22. By using the formed mask pattern 103, arsenic (As) or 
Phosphorus (P) ions at a dose of about 0.5 x 10" cm- to 1 x 
10" cm- are implanted into the semiconductor substrate 21 
with an implant energy of about 1200 keV, whereby the deep n- 
type well region 25 is formed in the memory element portion 3 
and resistor element portion 8 of the semiconductor substrate 
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Next, as shown in FIG. 3B, the mask pattern 103 is 
removed and a mask pattern 104 having openings over the low- 
voltage p-type channel transistor portion 5, the high-voltage 
5 P-type channel translator portion 7, and the capacitor 
element portion 9 is forced on the first thermal oxide film 
22. By using the formed mask pattern 104, phosphorus (P, 
ions at a dose of about 0.5 x 10" cm- to 1 x 10" cm- are 
implanted into the semiconductor substrate 21 with an implant 
10 energy of about 300 kev, whereby an n-type well region 26 is 
formed in each of the low-voltage p-type channel transistor 
portion 5, high-voltage p-type channel transistor portion 7, 
and capacitor element portion 9 of the semiconductor 
substrate 21. 

15 Next, as shown in FIG. 3C, the mask pattern 104 is 

removed and a mask pattern 105 having openings over the 
memory element portion 3, the low-voltage n-type channel 
transistor portion 4, the high-voltage n-type channel 
transistor portion 6, and the resistor element portion 8 is 
20 formed on the first thermal oxide film 22. By using the 
formed mask pattern 105, boron (B) ions at a dose of about 

0.5 x 10 13 cm" 2 to 1 v in" „™-2 

l x 10 cm are implanted into the 

semiconductor substrate 21 with an implant energy of about 
300 kev, whereby a p-type well region 27 is formed in each of 
25 the memory element portion 3, low-voltage n-type channel 
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transistor portion 4, high-voltage n-type channel transistor 
portion 6, and resistor element portion 8 of the 
semiconductor substrate 21. 

(3) Formation of Gate Oxide Films 

Then, gate oxide films having different breakdown 
voltages for the individual elements including the memory 
element and the transistor are formed. 

specifically, the mask pattern 105 is removed first and 
then the first thermal oxide film 22 on the principal surface 
of the semiconductor substrate 2! is removed by wet etching 
using hydrofluoric acid. Subsequently, the semiconductor 
substrate 21 is thermally oxidized in an oxygen atmosphere at 
a temperature of about 850 "C, whereby a second thermal oxide 
film 28 with a thickness of about 15 nm is formed on the 
principal surface of the semiconductor substrate 21. 

Next, as shown in FIG. 4A, the portion of the second 
thermal oxide film 28 on the peripheral circuit formation 
region 2 of the semiconductor substrate 21 is removed 
therefrom by wet etching using hydrofluoric acid and the mask 
pattern 106 for masking the memory circuit formation region 1 
of the second thermal oxide film 28. 

Next, as shown in fig. 4b, the semiconductor substrate 
21 is thermally oxidized in an oxygen atmosphere at a 
temperature of about 850 'C by using the mask pattern 10,, 



whereby a third thermal oxide film 29 with a thickness of 
about 7.5 nm is formed on the peripheral clrcu . t forinat . on 
region 2 of the semiconductor substrate 21. 

Next, as shown in ftr a.<- +. l, „ . 

j-n 4C, the mask pattern 106 is 

5 removed and then a .ask pattern 107 having openings over the 
low-voltage n-type channel transistor portion 4 and the low- 
voltage p-type channel transistor portion 5 is forced over 
the second thermal oxide film 28 and the third thermal oxide 
film 29. By using the formed mask pattern 107, the portions 
10 of the third thermal oxide film 29 on the semiconductor 
substrate 21 are removed therefrom by wet etching using a 
hydrofluoric acid. By subsequently using the mask pattern 
107, the semiconductor substrate 21 is thermally oxidized in 
an oxygen atmosphere at a temperature of about 850 'C , 
15 whereby a fourth thermal oxide film 30 with a thickness of 
about 3.5 nm is formed over the low-voltage n-type channel 
transistor portion 4 and the low-voltage p-type channel 
transistor portion 5 of the semiconductor substrate 21. 

By the foregoing process steps, the second thermal 
20 oxide film 2B which i 3 a gate oxide film for the memory 
element having a thickness of about 13.5 nm and a breakdown 
voltage of about 10 V is formed on the memory element portion 
3 of the semiconductor substrate 21, the third thermal oxide 
film 29 which is a high-breakdown-voltage gate oxide film 
25 having a thickness of about 3.5 nm and a high breakdown 
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voltage of about 7V is forced on each of the high-voltage re- 
type channel transistor portion 6 and high-voltage p-type 
channel transistor portion 7 of the semiconductor substrate 
21, and the fourth thermal oxide fii m 3 0 which is a low- 
breakdown-voltage gate oxide film having a thickness of about 
3-5 nm and a low breakdown voltage of about 4 V is forced on 
each of the low-voltage n-type channel transistor portion 4 
and low-voltage p-type channel transistor portion 5 of the 
semiconductor substrate 21. 

(4) Formation of Memory Element 

First, as shown in FIG. 5A, the mask pattern 107 is 
removed and then a non-doped polysilicon .film 3 1 with a 
thickness of about 200 nm is deposited by, e.g., CVD entirely 
over the first, second, and third thermal oxide films 28, 29, 
and 30. 

Next, as shown in fig. SB, a mask pattern 108 having 
openings over the memory element portion 3. the low-voltage 
n-type channei transistor portion 4, the high-voltage „-type 
ohannel transistor portion 6, and the resistor element 
portion 8 is formed on the polysilicon film 31. By using the 
formed mask pattern 108, phosphorus (P, ions at a dose of 
about 0.5 * 10" cm- to 5 x.10" cm- are ^planted into the 
polysilicon film 31 with an implant energy of about 10 kev, 
thereby changing the conductivity type of the polysilicon 
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film 31 in each of the memory element portion 3, the low- 
voltage n-type channel transistor portion 4, the high-voltage 
n-type channel transistor portion 6, and the resistor element 
portion 8 into the n-type. 
5 Next, as shown i„ FIG. 5C , the mask pattern 108 is 

•removed and then a second silicon nitride film 32 with a 
thickness of about 100 nm is deposited by plasma CVD over the 
entire surface of the polysilicon film 31. 

Next, as shown in F i Gs . 6R and 6B dry ^ 
10 performed sequentially with respect to the second silicon 
nitride film 32 and the polysilicon film 31 by using a mask 
pattern 10, on the second silicon nitride film 32 which is a 
pattern for forming the control gate electrode of the memory 
element, thereby forming a control gate electrode 31A 
15 composed of the n-type polysilicon film having an upper 
surface covered with the second silicon nitride film 32. 

Next, as shown in FIG fir -i-k«. • 

ri(j< ec ' tne mask pattern 109 is 

removed and then a mask pattern no having an opening over 
the drain formation region of the memory element portion 3 
20 and the side of the control gate electrode 31A closer to the 
drain region is fooned on the semiconductor substrate 21. By 
using the formed mask pattern 110, boron (B , ions at a dose 
of about 5 x 10" cm- to 1 , 10 » cm- are ^planted into the 
semiconductor substrate 21 with an implant energy of about 5 
25 *ev to 15 kev, whereby a first lightly doped p-type impurity 
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diffusion region 33 having . near-surface ^ purity 
concentration of about 5 x 10" cm- to 1 x 10" cm- and a 
shallow Junction is formed. lt is also possible t(J 
preliminarily remove the portion of the second thermal oxide 
film 28 located above the first lightly doped p-type impurity 
diffusion region 33 by „et etching using hydrofluoric acid 
and then implant the boron (B > ions under the implant 
conditions described above. 

Next, as shown in FIG. 7A, the mask pattern no is 
removed and then a second silicon dioxide film 34 and a third 
silicon nitride film 35 each having a thickness of about 5 nm 
to 10 nm are deposited successively by cvd over the entire 
surface of the semiconductor substrate 21 including the 
second silicon nitride film 32 and the control gate electrode' 



31A. 



Next, an insulating film with a thickness of about 40 
nm to 100 nm and composed of BPSG is deposited by CVD over 
the entire surface of the third silicon nitride film 35. 
Then, as shown in FIG. 78, anisotropic etching is performed 
to etch bacx the deposited insulating film and further remove 
the third silicon nitride film 3S, the second silicon dioxide 
film 34, and the second thermal oxide film 28, thereby 
exposing the semiconductor substrate 21 and forming sidewalls 
37 on the side surfaces of the control gate electrode 31A via 
a protective insulating fil , 36 composed of the second 
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silicon dioxide fU. 34 and the third silicon nitride film 35. 

Next, as shown i„ FIG. 7C, a mask pattern 13, having 
openings over a drain region and the side of the control gate 

electrode 31A closer to the 

the drain region in the memory 

circuit formation region 3 is f or med on the semiconductor 
substrate 21. By using the formed masx pattern 13!, the 
control gate electrode 33A, and the sidewalls 37. dry etching 

is performed with resDert ^ 

respect to the semiconductor substrate 21 

by reactive-ion etching (RIE) , thereby £orm . ng ^ 
portion 21b at a depth of about 25 a tl , 5 . in an upper 
portion of the semiconductor substrate 23. The etching may 
also be performed by CDE (Chemical Dry Etching, instead of 



RIE. 



Next, as shown in FIG. 8A, boron { B) ions at a 
relatively low dose o£ about , x l0 „ ^ ^ ; ^ ^ ^ ^ 

-Planted into the semiconductor substrate 23 with an implant 
energy of about 30 xev to 30 xev by using the masx pattern 
111., whereby a second lightly doped p-type impurity diffusion 
region (not shown, having . near-surface impurity 
concentration of about 5 x 30" cm- to 3 x lo» cm- and a 
junction slightly deeper than that of the first lightly doped 

P-type impurity diffusion region 33 1C f 

regxon 33 is formed. Subsequently, 

arsenic (As, ions at a relatively low dose of about 5 x Id" 
cm- to 3 x 10" cm- are implanted into the semiconductor 
substrate 22 with an implant energy of about 20 xev to 50 xeV 
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by using the mask pattern 111, whereby a shallow lightly 
doped n-type impurity diffusion region 38 having a near- 
surface impurity concentration of "about 5 x 10" cm" 3 to 1 x 
10 19 cm" 3 and a junction depth of about 40 nm is formed. 

Next, as shown in FIG. 8B, the mask pattern ill is 
removed and the sidewalls 37 are further removed by using 
vapor-phase hydrofluoric acid. Then, as shown in FIG. 8C, 
the semiconductor substrate 21 is thermally oxidized in an 
oxygen atmosphere at a temperature of about 850 "C, whereby a 
tunnel insulating film 39 with a thickness of about 9 nm is 
formed on the exposed surface of the recessed portion 21b of 
the semiconductor substrate 21. 

Next, as shown in FIG. 9A, a polysilicon film 40 doped 
with phosphorus ( P ) (hereinafter referred to as DP (Doped 
Poly Silicon)) and having a thickness of about 120 nm to 200 
nm is formed by CVD over the entire surface of the 
semiconductor substrate 21 including the gate electrode 31A 
and the protective insulating film 36. 

Next, as shown in FIG. 9B, a mask pattern 112 having an 
opening over the drain region and the side of the control 
gate electrode ,31a closer to the drain region in the memory 
circuit formation region 1 is formed on the semiconductor 
substrate 21. By using the . formed mask pattern 112, the DP 
film 40 is etched back by anisotropic dry etching to form a 
sidewall-like DP film 40A on the side surface of the control 



gate electrode 31*. specifically, etching is halted at the 
time at which the tunnel insulating film 3, is exposed such 
that the sidewail-li.ee op £iln 40A having a ^.^ 
corresponding to about 80* of the height of the control gate 
5 eieotrode 31A, which is about ,«. nm in this case , is ^ 
on that one of the side surfaces of the control gate 
electrode 31A closer to the drain region to cover up the 
stepped portion of the recessed portion 21b in the 
semiconductor substrate 21. 

*° Next/ as shown in FIG or 

9C, the mask pattern 112 is 

removed and then a M!k pattern U3 for masking the sidewall- 
li-ce DP film 40. is formed for each of the memory elements in 
the memory circuit formation region 1. By performing dry 
etching using the formed mask pattern 113, floating gate 
15 electrodes 408 are formed by self alignment from the 
sidewall- lik e DP film 40* such that they are separate from 
each other to correspond to the individual memory elements, 
sach of the floating gate electrodes 40B is capacitively 
coupled to the side surface of the control gate electrode 31A 
20 closer to the drain region with the protective insulating 
film 36 interposed therebetween and opposed to the recessed 
portion 21b in the semiconductor substrate 21 with the tunnel 
insulating film 39 interposed therebetween. 

wext, as shown in FIG. 10A, the mask pattern 113 is 
25 removed and then a mask pattern 114 for masking the floating 
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gate electrode 40B is formed such that the Dp ^ 4o 

for the portion forming the floating gate eiectrode 40B is 

removed by CDE using CF. gas and oxygen gas. 

Next, as shown in FIG. 10B, a protective oxide film 4 1 
5 composed of a siiicon dioxide and having a thicxness of about 
20 nm to 40 m to protect the memory eiements is deposited 
over the entire surface of the semiconductor substrate 21 
including the control gate electrode 31* and the floating 
gate electrode 40B. 

10 Next, as shown in fig. 10c, a masx pattern 115 having 

an opening over the memory circuit formation region 1 is 
formed on the semiconductor substrate 21. By using ^ 

formed mask pattern n s ~ 

P ttern 115, the control gate electrode 31A, and 

the floating gate electrode 40B as a masx, arsenic (As, ions 
15 at a relatively high dose of about 5 x 10" cm- to 1 x 10" 
cm- are implanted into the semiconductor substrate 21 with 
an implant energy of about 50 xev. As a result, a source 
region 42 and a drain region 43 i„ each of which the near- 
surface impurity concentration of arsenic is about 5 x 10 » 
20 cm- to 1 x 10 » cm- are formed in the memory element portion 

3 of the semiconductor substrate 71 ,,k. ,_ 

auostrate 21, whereby the nonvolatile 

semiconductor memory element is completed. 

Although the stepped, portion covered up with the 
floating gate electrode 40B is provided under the floating 
« gate electrode 40B in the „, eirory element s ^ ^ 
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semiconductor substrate 21 in the first embodiment such that 
hot electrons are Ranted with high efficiency into the 

floating gate electrode 40B the -i- AnnA ^ 

°' cne stepped portion may not be 

provided. 

(5) Formation of Events in Peripheral circuit Formation 
Region 

Next, as shown in fig iia 

irio. ha, the mask pattern lis is 

removed. Then, as shown in FIG. ll B , the protective Qxide 
film 41 and the second silicon nitride film 32 are removed by 
dry etching using a mask pattern 114 for masking the memory 

circuit formation reaion i o-f i-h~ 

region l of the semiconductor substrate 21. 

Next, as shown in fig hp • 

llc ' the mask pattern 116 is 

removed and then a mask pattern 1 17 having openings over the 
low-voltage p -type channel transistor portion 5, the high- 
voltage p. t yp e channel transistor ^ ^ ^ 

capacitor element portion , is formed on the polysilicon film 
31- By using the formed mask pattern 117, boron ,B, ions at 
a dose of about 0.5 x 10 « cm" to 5 x ^ ^ 

into the polysilicon film 31 „ ith an ^ lfflt energy q£ ^ 
10 kev, thereby changing the conductivity type of the 
polysilicon film 31 i„ each of the low-voltage p-type channel 
transistor portion 5, the high-voltage p-type channel 
transistor portion 7. and the capacitor element portion 9 
into the p-type. 
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Next, as shown in FIG 17a *-k^ 

^' 12A ' the mask pattern 117 is 
removed. Then . anisofropic dry etching is perforned uith 

respect to the pol y silico„ tila 31 by using . mask 
118 for .as, in , the portions of the pol y si iic o„ film 31 
5 locate, in th e memor y circuit f option re g io„ 3, tne gate 
electrode Nation portion of tne poi ysUicon fu . „ 
locate* i„ the periphery circuit formation re g ion 2, and t he 
Portion of tne poi y siiicon film 31 to be formed ^ ^ 
upper electrode of tne capacitor element, which i s located in 
tne peripheral circnit formation re g ion 2. A s a result , gate 
electrodes 31a composed of the n-t yp e pol ys ilicon film „ and 
the p. tyP e pol y silicon film 3I are foraed ^ ^ low . voltage 
n-t yP e channel transistor portion 4 and tne low _ voltage p . 

t y pe channel transistor nortinn = 

cor portion 5, respectively each via a 

9ate oxide fi lm composed of the ^ ^ ^ ^ 

^ewise, the g ate electrodes ,„ composed of ^ n . type 
pol y si U co„ f ilm 31 and the p-t ype pol y silicon film 31 are 
forced in the hi g h-volt ag e „-t yp e channel transistor portion 
« and the hi g h-volta g e p-t yp e channel transistor portion 7, 

respectively, each via a aate „i*. 

g ate oxide film composed of the 

third thermal oxide film 29 r„ ►>,» 

mm 29. in the capacitor element portion 

». the capacitor element composed of the semiconductor 
sunstrate 21 as the lower electrode, the third thermal oxide 
*U. 2, as the capacitance insulatin, fi lm , an d the n-t yP e 
pol y silico„ f ilm 31 as the upper electrode 3!C is formed. 



Next, as shown in .FIG l2n i-k^ ™ i 

1 12B ' the ma sk pattern 118 is 

removed and than a masK patter IX, having an opening over the 
high-voltage n-type channel transistor portion 6 is forced on 
the semiconductor substrate 21. By using the formed ^ 
5 pattern lis and the gate electrode 31B as a .as*, arsenic 
(AS, ions at a relatively !ow dose of about 5 * 10" cm"' to 1 
x 10" cm- are ^planted into the semiconductor substrate 21 
with an implant energy of about 20 k ev, whereby n-type ldd 
(Lightly Doped orain, regions 44 are formed in the high- 
10 voltage n-type channel transistor portion 6 of the 
semiconductor substrate 21. 

Next, as shown in fig i on 

no. 12c, the mask pattern 119 i s • 

removed and then a masK pattern 120 having openings over the 
low-voltage p-type channel transistor portion 5 , the high- 
(5 voltage p-type channel transistor portion 7. and the 
capacitor element portion , is formed on the semiconductor 
substrate 21. By using the formed mas* pattern 120 and the 
gate electrodes 31B as a mask, boron ( B, ions at a relatively 

0 into the semiconductor substrate 21 with an implant energy of 
about 20 Kev, whereby p-type LDD regions 4 5 are formed in the 
low-voltage p-t yp e channel transistor portion 5 and high- 
voltage p-t yp e channel transistor portion 7 of the 
semiconductor substrate 21. 

Next, as shown in fig 13a <-k« 

tib. 13A, the mask pattern 120 is 



25 

, suuwji in fig. 
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removed and then a mask patter „ ^ ^ ^ 

the lo„-volta,e „-type channel transistor portion 4 is formed 
on the semiconductor substrate 21. By using the ^ ^ 
■ Pattern X21 and the gate ^ ^ ^ ^ 

5 (As, ions at a relatively low dose of about 5 x !0" cm- to 1 
* 10" cm- are implanted into the semiconductor substrate 2! 
«ith an impiant ener gy of about 20 kev, „ hereby the „. type 
LDD regions 4* ere formed in the low-voltage n-type channel 
transistor portion 4 of the semiconductor substrate 21. 

»ext, as shown i„ FIG. 13B . the mask pattern 121 is 
removed. Then , . siliCQn ^ ^ ^ ^ 

about 100 nm is deposited by cv D over the entire surface of 
the semiconductor substrete 21 including the gate electrode 
31B, control gate electrode 3i a , f lo ati„g gate electrode 40B, 
» and the l ike of each of the „os transistors. The deposited 
srlrcon dioxide film is etched back by anisotropic etching to 
form sidewall spacers 4 6 composed of the silicon dioxide film 
on the side surfaces of each of ,the gate electrodes 31B. 

Next, as shown in FIG nr , 

tlG. 13C, a mask pattern 122 having 

20 openings over the lov-voltage p-type channel transistor 
portion 5 and the high-voltage p-type channel transistor 
portion 7 is formed on the semiconductor substrate 21. By 
using the formed mask pattern 122 and the gate electrodes li B 

as a mask, boron (B) ions at- a r-~i • 

l ) ions at a relatively high dose of about 

25 0.5 x 10 13 cm" 2 to l x 10" 

x 10 cm are implanted into the 
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semiconductor substrate 21 with an implant energy of about 
100 k eV, whereby p-type source/drain regions 47 i„ each of 
which the near-surface impurity concentration of boron is 

5 voltage p-type channel transistor portion 5 and high-voltage 

p-type channel transistor portion 7 of- i-h~ 

^ Llon ' of the semiconductor 

substrate 21. 

Next, as shown in FIG. 14A, the mask pattern 122 is 
removed and then a mas, pattern 123 for masking the low- 
10 voltage p-type channel transistor portion 5 and the high- 
voltage P -ty P e ohannel transistor portion 7 is formed on the 
semiconductor substrate 21. By using the formed mask pattern 
123, the gate electrode 31B, the control gate electrode 31A, 
and the floating gate electrode 40B as a mask, arsenic < A s> 
15 ions at a relatively high dose of about 5 x 10" cm- to 1 x 
10" cm- are implanted into the semiconductor substrate 21 
with an implant energy of about 100 kev, whereby n-type 
source/drain regions 48 in each of which the near-surface 
impurity concentration of arsenic is about 5 x 10" cm"' to 1 
10" cm- are formed in the low-voltage n-type channel 
transistor portion 4 and high-voltage channel transistor 
portion 6 of the semiconductor substrate 21. 

Although ion imputation has also been performed with 
respect to the memory circuit formation region l, it is also 
25 possible not to perform implantation of arsenic ions by 
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masking the memory circuit formation region 1. 

Next, a third silicon dioxide film 49 with a thickness 
°f 30 nm is deposited over the entire surface of the 

. semiconductor substrata ?i ^.i ^ • 

ostrate 21 including the individual elements. 

• Then, as shown in PIG. 14B , the third smcon ^ ^ 

is removed by etching using a mask . pattern 124 for 
selectively masking the portion of the third silicon dioxide 
film 49 located in the memory circuit formation region 1 and 
the portion of the third silicon dioxide film 49 located in 

the resistor element portion 8 of *-h~ • ^ 

portion 8 of the peripheral circuit 

formation region 2. 

Next, as shown in fig ia.n 

*ig. 14C, the mask pattern 124 is 

removed. Then, a cobalt film is deposited over the entire 
surface of the semiconductor substrate 21 including the third 
silicon dioxide film 49. By performing a heat treatment with 
respect to the deposited cobalt film, cobalt silicide regions 
=0 are formed at the interface between the semiconductor 
substrate 21 and the cobalt film and at the interface between 
the upper electrode 31c and the cobalt film. since the 

P or tion covered with the +y.ir^ _ • -. • 

witn the third silicon dioxide film 49 does 

not react with the cobalt- fii» 

™e cobalt film, lt can easily be removed. 

Finally, the memory element portion 3, each of the 

transistor portions 4 to 7,. the resistor element portion 8, 

and the capacitor element portion 9 are provided with 

specified wires which are not. depicted, whereby the 
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nonvolatile semiconductor memory device is completed. 

Thus, according to the first embodiment, the side 
surfaces of the control gate electrode 31* are not oxidized 
in the step of forming the tunnel insulating film 39 shown i„ 
FIG. 8C since they are covered with the protective insulating 
film 36 composed of the second silicon dioxide film 34 and 
the third silicon nitride film. 

in addition, the both side surfaces of the control gate 
electrode 31* are protected from damage caused by etching in 
the step of forming the floating gate electrode 40B shown in 
FIGS. 9B to IDA since they are covered with the protective 
insulating film 36. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31* have bottom surfaces which are on the 
protective insulating film 36 and are not in direct contact 
with the semiconductor substrate 21 as shown in FIG. 7B, the 
surface of the semiconductor substrate 21 is not damaged when 
the sidewalls 37 are removed in the subsequent step. This 
stabilizes the operation of the memory element. 

Since the memory circuit formation region 1 is 
substantially covered with the mas* pattern composed of the 
resist film in the steps of forming the elements in the 
peripheral circuit formation, region 2 shown in FIGS . n B to 
14C, the control gate electrode 31A and the floating gate 
electrode 40B suffer no etching damage. 



Since each c £ the „ OS transistors in th e peripheral 
circuit formation region 2 undergoes nQ thenal 

different from that undergone during the fabrication process 
• therefor, it is no more necessary ^ ^ ^ ^ ^ 

» circuits contained in the periphery circuit fetation region 

2". This improves the vers^Hiii-u 

versatility and compatibility of 

already designed circuits (design resources , . 

Although only one memory element is deleted in the 
memory circuit formation region l under constrains placed on 
10 the drawing, it „ m easily be appreciat£d ^ # 

of memory eiements are provided in practice and a larger 
number of M0S transistors and resistor elements are provided 
in the peripheral circuit formation region 2 as well. 

Although the two low-voltage transistor portions 4 and 
XS 5 and the two high-voltage transistor portions . and 7 have 
been provided in the first embodiment, it is also possible to 
provide either the low-voltage transistor portions 4 and . or 
the high-voltage transistor portions . and 7 or use other „0 S 
transistors . 
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VARIATION OF EMBODIMENT 1 

A variation of the f irs t embodiment of the present 
invention win be described with reference to the drawings. " 

FIG. 15 shows a cross-sectional structure of a memory 
25 element in a nonvolatile semiconductor memory device 
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according to a variation of the first embodiment, m FIG. 15, 
the same components as shown in FIG. 1 are designated at the 
same reference numerals. 

The present variation features a protective insulating 
film 14 which is a multilayer structure composed of a silicon 
dioxide film and a silicon nitride fil m formed in this order 
on each of the side surfaces of the control gate electrode 13. 

The present variation also features a tunnel insulating 
film 16 which is formed by internal-combustion pyrogenic 
oxidation (hydrogen burning) and a silicon dioxide fil n 14 a 
which is formed on the side surface of the silicon nitride 
film of the protective' insulating fil m 14 opposite to the 
control gate electrode 13 by internal-combustion pyrogenic 



oxidation. 

15 



As disclosed in -Abstract of the 4th Technical Meeting 
on the Formation, Evaluation, and Reliability of Ultra-Thin 
Silicon Dioxide Films- under the title of -Oxidation of 
Silicon by m-situ steam Generation (I SSG, and Reaction 
Mechanism- (Tohxai et al„ pp.127.i32, Japan Society of 
20 Applied Physics, January 2! and 22, 2000,, the internal- 
combustion pyrogenic oxidation is a wet oxidation process i„ 
-which hydrogen gas and oxygen gas are introduced directly 
into a chamber to react with each other and generate water 
vapor over a heated semiconductor substrate, with which a 
25 silicon dioxide f Um is £ormed on a ^ 



68 



silicon, 



A description will be given herein below to a specific 
example of a method for forming the tunnel insulating film 16 
and the silicon dioxide film 14a. 
5 in the step of forming the tunnel insulating film 39 

shown in FIG. 8C according to the first embodiment, e.g., 
hydrogen gas and oxygen gas are introduced into the chamber 
of a rapid thermal oxidation apparatus in which a temperature 
is set to about 900 °C to 1100 °C and a pressure is set to 
10 about 1000 Pa to 2000 Pa such that the introduced hydrogen 
gas and oxygen gas react with each other to generate water 
vapor over the heated semiconductor substrate 21. By 
thermally oxidizing the semiconductor substrate 21 with . the 
generated water vapor, the tunnel insulating film 39 with a 
15 thickness of 6 nm to 15 nm is formed on the exposed surface 
of the recessed portion 21b. Since the internal-combustion 
thermal oxidation also oxidizes a silicon nitride film, as 
described in the foregoing report, the exposed surface of the 
silicon nitride film 35 in the outer portion of the 
20 protective insulating film 36 is oxidized during the 
formation of the tunnel insulating film 39, whereby the 
tunnel insulating film 16 and the silicon dioxide film 14a 
shown in FIG. 15 are formed.. 

According to the present variation, the following 

25 various effects are achiuwahio ;„ 

acnievable in addition to the effects of 
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the first embodiment. 

First, the present inventors have found that, if the 
tunnel insulating film 3 8 is forced by the internal- 
• combustion thermal oxidation in the step shown in FIG . 8C 

5 acceierated oxidation of the ii ghtly doped n . typfi 

diffusion region 38 . doped with the arsenic (As > ions is • 
suppressed and the tunnel insulating film 39 is forced to 
have a nearly uniform thicxness. This prevents an increase 
in the thickness of the tunnel insulating film 39 and thereby 
10 suppresses a reduction in erase speed in the memory element. 
Since the quality of the tunnel insulating film 39 formed by 
the internal-combustion thermal oxidation is egual or 
superior to the quality of a tunnel insulating film formed in 
an oxygen atmosphere at a temperature of 850 V or more, the 
15 reliability of the memory element is improved. 

The present inventors have also found that, if the 
tunnel insulating tUm 39 is formed by the internal- 
combustion thermal oxidation, a bird's beak is less likely to 
occur in the second thermal oxidation film 28 as the gate 
20 oxide film of the control gate electrode 31* and the gate 
oxide film is forced to have a nearly uniform thicxness. 

This increases a write shpph ' , . . 

write speed and a driving current in the 

memory element and the performance thereof. 

If the driving current is increased, the size of an 
25 active region along the width of the control gate electrode 
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31A can be reduced, which is suitable for further 
miniaturization . 

Since the use of the internal-combustion thermal 
oxidation also suppresses a bird's beak occurring in a lower 
portion of the side surface of the control gate electrode 31A, 
the protective insulating fii m 3 6 serving as a capacitance 
insulating fii m is formed to have a nearly 

This prevents a reduction in the capacitive coupling . ratio 
between the control gate electrode 3l A and the floating gate 
electrode 40b and increases a write speed and an erase speed 
in the memory element. 

Since the formation of the tunnel insulating film 39 by 
the internal-combustion thermal oxidation forms the silicon 
dioxide film 14a through oxidation of the exposed surface of 
the silicon nitride film located in the outer portion Qf ^ 
protective insulating fii m 14 as shown in FIG. 15, the effect 
of suppressing the release of electrons accumulated in the 
floating gate electrode 15 is improved and the reliability of 
the memory element is improved. 

EMBODIMENT 2 

A nonvolatile semiconductor memory device according to 
a second embodiment of the present invention and a method for 
fabricating the same will be described with reference to the 
drawings . 



FIG. 16 shows a cross-sectional structure of a memory 
element in the nonvolatile semiconductor memory device 
according to the second embodiment. m FIG . 16, the 
description of the same components as shown in FIG. 1 is 
omitted by retaining the same reference numerals . 

The second embodiment features a protective insulating 
film 14A which is composed of a single-layer silicon dioxide 



film. 



The description will be given next to a method for 
fabricating the memory element in the nonvolatile 
semiconductor memory device according to the second 
embodiment with reference to FIGS . 17A to 17H, As for the 
steps of (1) Formation of Isolation Regions, (2) Formation of 
Well Regions, (3) Formation of Gate Oxide Films, and (5) 
Formation of Elements in Peripheral Circuit Formation Region, 
they are the same as in the first embodiment. in FIGS. 17A 
to 17H, the same components as used in the first embodiment 
are designated at the same reference numerals. 

First, as shown in FIG. 17A, dry etching is performed 
with respect to the second silicon nitride film 32 and to. the 
polysilicon film 31 by using a mask pattern 109 as a pattern 
for forming the control gate electrode of the memory element 
formed on the second silicon nitride film 32, whereby the 
control gate electrode 31A composed of an n-type polysilicon 
film and having the upper surface covered with the second 
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silicon dioxide film 32 is formed. 

Next, as shown in FIG. l 7B , the mask pattern 109 is 
: removed and then a mask pattern no having an opening over 

the drain formation region is formed on the semiconductor 
5 substrate 21. By using the formed mask pattern 110, boron 
<B) ions at a dose of about 5 x 10" cm"' to 1 x 10" cm- are 
implanted into the semiconductor substrate 21 with an implant 
energy of about 5 Rev to 15 kev, whereby the first lightly 
doped p-type impurity diffusion region 33 having a near- 
10 surface ^purity concentration of about 5 x 10" cm- to 1 x 
10" cm- and a shallow junction is formed. It is also 
possible to preliminarily remove the portion of the second 
thermal oxide film 28 located above the first lightly doped 
P-type impurity diffusion region 33 by wet etching using 
15 hydrofluoric acid and implant the boron ,B, ions under the 
implant conditions described above. 

Next, as shown in fig. 17c , the mask pattern M ^ 
removed and then the second silicon dioxide film 34 with a 
thickness of about 5 nm to !5 nm is deposited by CVD over the 
20 entire surface of the semiconductor substrate 21 including 
the second silicon nitride film 32 and the control gate 
electrode 31A. 

Next, as shown in FIG. 17D, a BPSG fi lm 37A with a 
thickness of about 40 nm to 100 nm is deposited by CVD over 
25 the entire surface of the second silicon dioxide film 34. 
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Then, as shown in FIG. 17E, anisotropic etching is 
performed to etch back the deposited BPSG film 37A and 
further remove the second silicon dioxide fil m 34 and the 
second thermal oxide fi im 28 , ther , by exposing ^ 
semiconductor substrate 21 and forming the sidewalls 37 on 
the side surfaces of the control gate electrode 31A via the 
protective insulating fil m 36 composed of the second silicon 
dioxide film 34. 

Next, as shown in FIG. 17F, the mask pattern 111 having 
an opening over the drain region is formed on the 
semiconductor substrate 21. B y using the mask pattern 111, 
the control gate electrode 31A, and the sidewalls 37, dry 
.. etching is performed with respect to the upper portion of the 
semiconductor substrate 21 by reactive-ion etching (RIE) , 
thereby forming the recessed portion 21b at a depth of about 
25 nm to 75 nm. The etching may also be performed by cde 
instead of RIE. 

Next, boron (B, ions at a relatively low dose of about 
5 x 10" on,- to 1 x 10 .< c»-> are implanted into the 
semiconductor substrate 21 with an taplant energy of about 10 
xev to 30 Rev by using the mas* pattern 111 , whereby the 
second lightly doped p-type impurity diffusion region (not 
shown, having a near-surface, impurity concentration of about 

5 x 10 15 cm" 3 to l v in 19 ^™-3 _ , 

l x 10 cm and a junction slightly deeper 

than that of the fir<si- u„k f ,„ 

txrst lightly doped p-type impurity 
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diffusion region 33 is formed. Subsequently, arsenic (As) 
ions at a relatively low dose of about 5 x 10", cm- to 1 x 
10" cm- are implanted into the semiconductor substrate 21 
with an implant energy of about 20 kev to 50 kev by using the 
mask pattern Hi, wne reby the shallow lightly doped n-type 
impurity diffusion region 38 having a near-surface impurity 
concentration of about 5 x 10" cm- to 1 x io» cm- and a 
junction depth of about 4 0 nm is formed. 

Next, as shown in fig. 17G, the mask pattern 111 is 
removed and the sidewalls 37 are further removed by using 
vapor-phase hydrofluoric acid. Then, as shown in FIG. 17H, 
the semiconductor substrate 21 is thermally oxidized in an 
oxygen atmosphere at a. temperature of about 850 «C , whereby 
the tunnel insulating fil m 39 with a thickness Qf about g ^ 
is formed on the exposed surface of the recessed portion 21b 
of the semiconductor substrate 21. At this time, the thermal 
oxide fil* is also formed Qn each of s . de surfaces Qf ^ 

control gate electrode 31* to increase the thickness of the 
protective insulating fil m 36 . since each Qf ^ protective 

insulating film 36 and the tunnel insulating tllm 39 is 
composed of a sii icon dioxide f ^ a 
therebetween is small. 

Next, a polysilicon (DP) film doped with phosphorus (P) 
and having a thickness of about 120 nm to 200 nm is formed by 
CVD over the entire surface of the semiconductor substrate 21 



including the gate electrode 31A and the protective 
insulating film 36. Subsequently, the DP film is etched back 
by anisotropic dry etching using a mask pattern having an 
opening over the drain region to form the sidewall-like DP 
film on the side surface of the control gate electrode 31A. 
Specifically, etching is halted at the time at which the 
tunnel insulating film 39 is exposed such that the sidewall- 
like DP film 40A having a height corresponding to about 80% 
of the height of the control gate electrode 3 1A, which is 
about 160 nm in this case, is formed on that one of the side 
surfaces of the control gate electrode 31A closer to the 
drain region to cover up the stepped portion of the recessed 
portion 21b in the semiconductor substrate 21. Then, by dry 
etching using a mask pattern for masking the sidewall-like DP 
film, the floating gate electrodes 40B are formed by self 
alignment from the sidewall-like DP film such that they are 
separate from each other to correspond to the individual 
memory elements. Each of the floating gate electrodes 40B is 
capacitively coupled to the side surface of the control gate 
electrode 31A closer to the drain region with the protective 
insulating film 36 interposed therebetween and opposed to the 
recessed portion 21b in the semiconductor substrate 21 with 
the tunnel insulating film 39 interposed therebetween. 

Next, by using the control gate electrode 31A and the 
floating gate electrode 40B as a mask, arsenic (As) ions at a 



relatively high dose of about 5 x 10" cm" 2 to 1 x 10" cnf 2 
are implanted into the semiconductor substrate 21 with an 
implant energy of about 50 xeV. As a result, the source 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10 19 
cm- to 1 x 10- cm- are formed in the semiconductor substrate 
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Although the stepped portion covered up with the 
floating gate electrode 40B is provided under the floating 
0 gate electrode 40B in the semiconductor substrate 21 in the 
second embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
stepped portion may not be provided. 

Thus, according to the second embodiment, each of the 
5 side surfaces of the control gate electrode 31A is covered 
with the protective insulating film 36, which prevents the 
control gate electrode 31A from being damaged by etching 
during the formation of the floating gate electrode 40B. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating film 36 and are not in direct contact 
with the semiconductor substrate 21 as shown in FIG. 17E, the 
surface of the semiconductor .substrate 21 is not damaged when 
the sidewalls 37 are removed in the subsequent step. This 
stabilizes the operation of the memory elements. 



the 



in the second embodiment also, each of the elements in 
peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A and the floating gate 
5 electrode 40B suffer no etching damage. 

VARIATION OF EMBODIMENT 2 

A variation of the second embodiment of the present 
invention will be described with reference to the drawings. 
10 FIG. 18 shows a cross-sectional structure of a memory 

element in a nonvolatile semiconductor memory device 
according to the variation of the second embodiment, m FIG. 
18, the same components as shown in FIG . 16 are designated at 
the same reference numerals. 
15. The present variation features a tunnel insulating film 

16 which is formed by the internal-combustion pyrogenic 
oxidation and. a silicon dioxide film 13a which is formed on 
each of the side surfaces of the control gate electrode 13 by 
the internal-combustion pyrogenic oxidation. 
20 A description will be given herein below to a specific 

example of a method for forming the tunnel insulating film 16 
and the silicon dioxide film 13a. 

in the step of forming the tunnel insulating film 39 
shown in FIG. 17H according to the second embodiment, e.g., 
25 hydrogen gas and oxygen gas are introduced into the chamber 
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of the rapid thermal oxidation apparatus in which the 
temperature is set to about 900 "C to 1100 °C and the pressure 
is set to about 1000 Pa to 2000 Pa such that the 
semiconductor substrate 21 is thermally oxidized with water 
vapor generated thereover, whereby the tunnel insulating film 
39 with a thickness of 6 run to 15 nm is formed on the exposed 
surface of the recessed portion 21b of the semiconductor 
substrate 21. At this time, the side surfaces of the control 
gate electrode 31A are also thermally oxidized simultaneously 
so that the tunnel insulating film i6 and the silicon 
dioxide film 13a shown in FIG. 18 are formed. 

in addition to achieving the same effects as achieved 
by the second embodiment, the present variation forms the 
tunnel insulating film 39 with a nearly uniform thickness 
since the formation of the tunnel insulating film 39 by the 
internal-combustion thermal oxidation suppresses accelerated 
oxidation of the lightly doped n-type impurity diffusion 
region 38. Moreover, the quality of the tunnel insulating 
film 39 formed by the internal-combustion thermal oxidation 
is equal or superior to the quality of a tunnel insulating 
film formed in a normal oxygen atmosphere at a temperature of 
850 °C or more. 

Furthermore, the use of the internal-combustion thermal 
oxidation suppresses the occurrence of a bird's beak in the 
second thermal oxide film 28 as the gate oxide film and the 



occurrence^ a bird's beax in . lower Qf ^ ^ 

surface of the control ga te electrode 31A so that each of the 
gate oxide ,il m and the protective insulating film 36 serving 
as the capacitance insulating film is £ormed to nav£ a nearly 
uniform thickness. 

Since the formation of the tunnel insulating tilm 39 by 
the internal-combustion thermal oxidation forms a compact 
silicon dioxide film 13, on each of the side portions of the 
control gate electrode 13, the release of electrons 
accumulated in the floating gate electrode 15 is suppressed 
and the reliability of the memory element is improved. 

Although the lower portion of the protective insulating 
film 1«a has a portion protruding along the substrate surface, 
it is also possible to form the protective insulating tlXm 
14A without the protruding portion. without the protruding 
portion, trapping of electrons or holes in the protruding 
portion is suppressed during a write or erase operation so 
that the degradation of the memory element due to an increase 

in the number of writp or- Q 

write or erase operations is suppressed 

significantly. 
EMBODIMENT 3 

A nonvolatile semiconductor memory device according to 
a third embodiment of the present invention and a method for 
fabricating the same will be described with reference to the 
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drawings . 

FIG. 19 shows a cross-sectional structure of a memory 
element in the nonvolatile semiconductor memory device 
according to the third embodiment. m FIG. 19, the 
description of the same components as shown in FIG. 1 is 
omitted by retaining the same reference numerals. 

The third embodiment features a protective insulating 
film 14A which is a multilayer structure composed of a 
silicon dioxide film and a silicon nitride film and provided 
only on that one of the side surfaces of the control gate 
electrode 13 opposed to the floating gate electrode 15. 

The description will be given next to . a method for 
fabricating the memory element in the nonvolatile 
semiconductor memory device according to the third embodiment 
with reference to FIGS. 20A to 20H. As for the steps of (l) 
Formation of Isolation Regions, (2) Formation of Well Regions, 
(3) Formation of Gate Oxide Films, and (5) Formation of 
Elements in Peripheral Circuit Formation Region, they are the 
same as in the first embodiment. I„ FIGS. 20A to 20H, the 
same components as used in the first embodiment are 
designated at the same reference numerals. 

First, as shown in FIG. 20A, dry etching is performed 
with respect to the second silicon nitride film 32 and to the 
polysilicon film 31 by using the mask pattern 109 as a 
pattern for forming the control gate electrode of the memory 



81 



element fanned on the second silicon nitride film 32. whereby 
the control gate electrode 31* composed „ f an n _ type 
polysilicon film and having the upper surface covered with 
the second silicon dioxide film 32 is formed. 

Next, as shown in ftk inn 

tu*. 20B, the mask pattern 109 is 

removed and then the mas, pattern no having an openin , ovfir 
the drain formation region is formed on the semiconductor 
substrate 21. By using the formed masx pattern HO, boron 
(B) ions at a dose of about 5 x !0» cm- to 1 x 10" cm- are 
implanted into the semiconductor substrate 21 with an implant 
energy o, about 5 xev to 15 xev, „ hereby the ftrst 
doped p-type impurity diffusion region 33 having a near- 
surface impurity concentration of about 5 x 10" cm- to 1 x 
10" cm- and a shallow junction is formed. It is also 
possible to preliminarily remove the portion of the second 
thermal oxide film 28 located above the first lightly doped 
P-type impurity diffusion region 33 by wet etching using 
hydrofluoric acid and implant the boron <B, ions under the 
implant conditions described above. 

Next, as shown in fig one 

20C, the mask pattern 110 is 

removed and then the second silicon dioxide film 34 and the 
third silicon nitride film 35 each havlng , ^ 
about 5 nm to 15 nm are deposited successively by CVD over 
the entire surface of the semiconductor substrate 21 
including the second silicon nitride film 32 and the control 
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gate electrode 31A. 

Next, as shown in FIG. 20D, the BPSG film 37A with a 
thickness of about 40 nxn to 100 nm is deposited by CVD over 
the entire surface of the third silicon nitride film 35. 
5 Then, as shown in FIG. 20E, anisotropic etching is 

performed to etch back the deposited BPSG film 37A and 
further remove the third silicon nitride film 35, the second 
silicon dioxide film 34, and the second thermal oxide film 28, 
thereby exposing the semiconductor substrate 21 and forming 
10 the sidewalls 37 on the side surfaces of the control gate 
electrode 31A via the protective insulating film 36 composed 
of the second silicon dioxide film 34. 

Next, as shown in fig. 20F, the mask pattern 111 having 
an opening over the drain region is formed on the 
15 semiconductor substrate 21. By using the mask pattern 111, 
the control gate electrode 31A, and the sidewalls 37, dry 
etching is performed with respect to the upper portion of the 
semiconductor substrate 21 by reactive-ion etching (RIE) , 
thereby forming the recessed portion 21b at a depth of about 
20 2S nm to 75 nm. The etching may also be performed by CDE 
instead of rie. 

Next, boron (B) ions at a relatively low dose of about 

5 x 10 12 cm" 2 to 1 x „ m -2 

i x 10. cm 2 are implanted into the 

semiconductor substrate 21 with an implant energy of about 10 
25 kev to 30 kev by using the mask pattern in, wher eby the 
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second lightly doped p-type impurity diffusion region (not 
shown) having a near-surface impurity concentration of about 
5 x 10" cm" 3 to 1 x io» cm- and a junction slightly deeper 
than that of the first lightly doped p-type impurity 
diffusion region 33 is formed. Subsequently, arsenic (As) 
ions at a relatively low dose of about 5 x 10 12 cm' 2 to 1 x 
10 14 cm" 2 are implanted into the semiconductor substrate 21 
with an implant energy of about 20. keV to 50 keV by using the 
mask pattern 111, whereby the shallow lightly doped n-type 
impurity diffusion region 38 having a near-surface impurity 
concentration of about 5 x 10 16 cm" 3 to 1 x 10 19 cm" 3 and a 
junction depth of about 4 0 nm is formed. 

Next, as shown in FIG. 20G, the mask pattern 111 is 
removed and the sidewalls 37 are further removed by using 
vapor-phase hydrofluoric acid. Then, dry etching is 
performed with respect to the third silicon nitride film 35 
of the protective insulating film 36 and wet etching is 
performed with respect to the second silicon dioxide film 34 
each by using a mask pattern 131 having an opening over the 
side of the control gate electrode 31A closer to the source 
region, whereby the protective insulating film 36 on the side 
surface of the control gate electrode 31A closer to the 
source region is removed therefrom. 

Next, as shown in FIG. 20H, the mask pattern 131 is 
removed and the semiconductor substrate 21 is thermally 
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oxidized in an oxygen atmosphere at a temperature of about 
850 V , whereby the tunnel insulating film 39 with a 
thickness of about 9 nm is formed on the exposed surface of 
the recessed portion 21b of the semiconductor substrate 21. 
5 Then, the polysilicon (DP) fii m doped with phosphorus (P) and 
having a thickness of about 120 nm to 200 nm is formed by CVD 
over the entire surface of the semiconductor substrate 21 
including the gate electrode 31a and the protective 
insulating fil m 36. Subsequently, the DP fii m is etched back 
10 by anisotropic dry etching using the mask pattern having an 
opening over the drain region to form the sidewall-like DP 
film on the side surface of the control gate electrode 31A. 
Specifically, etching is halted at the time at which the 
tunnel insulating fil m 39 is exposed such that the sidewall- 
15 like DP film 40A having a height corresponding to about 80% 
of the height of the control gate electrode 31A, which is 
about 160 nm in this case, is formed on that one of the side 
surfaces of the control gate electrode 31A closer to the 
drain region to cover up the stepped portion of the recessed 
20 portion 21b in the semiconductor substrate 21. Then, by dry 
etching using the mask pattern for masking the sidewall-like 
DP film, the floating gate electrodes 40B are formed by. self 
alignment from the sidewall-like DP fil ra such that they are 
separate from each other to correspond to the individual 
25 memory elements. Each of the floating gate electrodes 40B is 
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capacitively coupled to the side surface of the controX gate 
electrode 31A closer to the drain region with the protective 
insulating ,il m 36 interposed therebetween and opposed to the 
recessed portion 21b in the semiconductor substrate 21 with 
5 the tunnel insulating film 39 interposed therebetween. 

Next, by using the control gate electrode 31A and the 
floating gate electrode 40B as a mask, arsenic (As, ions at a 
relatively high dose of about 5 x 10" cm- to 1 x 10" cm- 
are implanted into the semiconductor substrate 21 with an 
10 implant energy of about 50 xev. As a result, the source 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10" 
cm- to 1 x 10" cm- are formed in the semiconductor substrate 
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15 Although the stepped portion covered up with the 

floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 
third embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
20 stepped portion may not be provided. 

Thus, according to the third embodiment, the side 
surface of the control gate electrode 31A opposed to the 
floating gate electrode 40B, is covered with the protective 
insulating film 36, „„i 0 h prevents the control gate electrode 
25 31A from being damaged by etching during the formation of the 
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floating gate electrode 40B. In addition , che si(Je 
of the control gate electrode 31A closer to the floating gate 
electrode 40B is prevented from being oxidized in the step of 
forming the tunnel insulating fu m 39. 

Since the sidewalls 37 composed of BPSG on the control 
9ate electrode 31* have bottom surfaces which are on the 
protective insulating fi i m 36 and ,„ ^ ^ dlrect 

with the semiconductor substrate 21 as shown in FIG. 20E, the 
surface of the semiconductor substrate 21- is not damaged when 
10 the sidewalls 37 are removed in the subseguent step. Thi s 
stabilizes the operation of the memory elements. 

in the third embodiment also, each of the elements in 
the peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
1= that the control gate alectrode 31* and the floating gate 
electrode 40B suffer no etching damage. 

Since the protective insulating film 36 is not provided 
on the side surface of the control gate electrode 31A 
opposite to the floatin, gate electrode 40B, the effective 
20 channel length of the nonvolatile semiconductor memory 
element is reduced. 

VARIATION OF EMBODIMENT 3 

A variation of the thirH i • 

6 tni *d embodiment of the present 

25 invention will be descriho^ , 

e described with reference to the drawings. 
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FIG. 21 shous a cross-sectional structure o£ e memory 
element in a nonvolatile semiconductor memory device 
according to the variation of the third embodiment. In fig. 
21, the same components as shown in FIG. 19 are designated at 
5 the same reference numerals. 

The present variation features a protective insulating 
film 14 provided between the control gate electrode 13 and 
the floating ga te electrode 15, which is . a multilayer 
structure composed of a silicon dioxide film and a silicon 
10 nitride film £ormed in this order ^ ^ ^ 

electrode 13. 

The present variation also features a tunnel insulating 
film 16 which is formed by the internal-combustion pyrogenic 
oxidation and a silicon dioxide film 14a which is formed on 
IS the side surface of the silicon nitride film of the 
protective insulating film 14 closer to the floating gate 
electrode 15 by the internal-combustion pyrogenic oxidation. 

A description will be given herein below to a specific 
example of a method for forming the tunnel insulating film 16 
20 and the silicon dioxide film 14a. 

in the step of forming the tunnel insulating film 39 
shown in FIG. 20H according to the third embodiment, 
hydrogen gas and oxygen gas, are introduced into the chamber 
of the rapid thermal oxidation apparatus in which the 
25 temperature is set to about 900 'C to U0O "C and the pressure 
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semiconductor substrate 21 u thermally ^ ^ 

vapor generated thereover. whereby the tunnel insulating film 
3» with a thinness o £ s nm to 15 nm is formed on ^ 
3 surface of the recessed portion 21b o£ the semlconductor 
substrate al . since t „. ^^^.^ 

oxidation also oxidize*; fho 

idizes the silicon nitride film, the exposed 

surface of the silicon nitride film 3S in the outer 

°f the protective instating £ilm 36 is oxidized so that the 

tunnel insulating £ il m 16 and h ,,. 

tne silicon dioxide £ il m lia 

shown in FIG. 21 are formed. 

m addition to achieving the same ejects as achieved 
by the third embodiment, the present variation forms the 
tunnel i„ sulaCing film „ ^ ^ ^ 

since the formation o £ the tunnel insulating fU » 39 by the 
internal-combustion' thecal oxidation suppresses accelerated 
oxidation o £ the lightly doped n-tvpe impurity diffusion 
region 33. Moreover, the guality of the tunnel insulating 
tUM 3, formed by the internal-combustion thermal oxidation 
is egual or superior to the guality of a tunnel instating 
film formed in a normal oxygen atmosphere. 

Furthermore, the occurrence of a bird's beax in the 

second thermal oxide film 2 8 as fh« 

2.8 as the gate oxide film and the 

occurrence of a bird -s bea* in . louer portion Qf ^ ^ 
surface of the control gate electrode 3 1A are suppressed. 
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This provides the gate oxide film and the capacitance 
insulating film each having a nearly uniform thickness. 

Since the use of the internal-combustion thermal 
oxidation oxidizes the outer surface of the protective 
insulating film l4 to form the ^ ^ ^ 

shown in no. 21. the effect of suppressing the release of 
electrons accumulated in the floating gate electrode 15 is 
improved and the reliability of the memory element is 



improved , 



EMBODIMENT 4 



A nonvolatile semiconductor memory device according to 
a fourth embodiment of the present invention and a method for 
fabricating the same win be described with reference to the 
drawings . 

FIG. 22 shows a cross-sectional structure of a memory 
element in the nonvolatile semiconductor memory device 
according to the fourth embodiment. In fig. 22, the 
description of the same components as shown i„ FIG . x ia 
omitted by retaining the same reference numerals. 

The fourth embodiment features a protective insulating 
film 14A which is composed of a single-layer silicon dioxide 
film and provided only on that one of the side surfaces of 
the control gate electrode 13 opposed to tne floacing ^ 
electrode 15. 



The description „m be given ne „ to a 
fabricate th . memory ^ 

semiconductor memory device according to the fourth 
embodiment with reference to FIGS. 23* to 23H. Ss for tne 
» "eps of (1) Formation o£ Isolation Regions> FormatiQn ^ 

Well Regions, ,3, Potation of Gate Oxide Films, and ,5, 
Formation of Elements in Peripheral circuit Formation Region, 
they are the same as in the first embodiment. In FIGS. 23A 
t° 23H, the same components as used in the first embodiment 
10 are designated at the same reference numerals. 

First, as shown i„ FIG. 23A, dry etchin9 ±s performe<J 
with respect to the second silicon nitride film 32 and to the . 
polysilicon film 3! by using the mas, pattern 109 as a 
Pattern for forming the control gate electrode of the memory 
- element, formed on the second silicon nitride film 32, hereby 

the control gate electrode tt» 

exectrode 31a composed of an n-type 

polysilicon film and havinn 

having the upper surface covered with 

the second silicon dioxide film 32 is formed. 

Next, as shown in FIG. 23B, the mask pattern 109 is 
20 removed and then the mask pattern no having an opening over 
the drain formation region is formed on the semiconductor 
substrate 21. By using the formed mask pattern lio, boron 
(B) ions at a dose of about . 5 x io» cm- to 1 x 10» cm- are 
panted into the semiconductor substrate 21 with an implant 
25 energy of about 5 ke v to 15 kev, whereby the first li ghtly 
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doped p-type i„ purity di£fusion ^.^ ^ ^ ^ 

surface ^purity concentration of about 5 x 10" cm- to , x 
10" cm- and a sh al lo „ junction is formed _ jt ^ ^ 
possible to preliminarily remove t „. portion of ^ ^ 

5 thermal oxide film 28 loc ated above the first ligfctly doped 
P-type ^purity diff usion r „ w 3J fay ^ ^ 
hydrofluoric acid and i, plant the boro „ ( „ ^ ^ ^ 
implant conditions described above. 
Next, as shown in fig 

23c ' the mask pattern 110 is 
a removed and then the second siXicon dioxide film 34 with a 
thicxness of about 5 n, to 15 nm is deposited by cv D over the 
entire surface of the semiconductor substrate 2! including 

the second silicon nitride fii m 3, „ nH ^ 

rxxm 32 and the control gate 

electrode 31a. 

Next, as shown in FIG. 23D, the npqr . 

tne bpsg film 37A with a 

thickness of about 40 nm to 100 nm is deposited by cvo over 
the entire surface o, .the second silicon nitride film 34. 

Then, as shown in fig 

*xg. 23E, anisotropic etching is 

performed to etch back the deposited BPSG film 37* and 
further remove the second sUicon dioxide film 34 and the 

second thermal oxide film , H „ K . 

mm 28, thereby exposing the 

semiconductor substrate 21 and forcing the sidewalls 37 on 
the side surfaces of the control gate electrode 31* via the 

protective insulatina fiim 

latxng fii m 3 6 composed of the second sil icon 

dioxide film 34. 
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Next, as shown in FIG. 23F, the mask pattern in having 
an opening over tne drain ^ ^ ^ 

semiconductor substrate 21. By using the masx pattern 111 
the controi gate electrode 31A, and the sidewalls 37, dry 
etching is performed with respect to the upper portion of the 
semiconductor substrate 21 by reactive-ion dry etching (RIE) 
thereby forming the recessed portion 21b at a depth of about 
25 nm to 75 nm. The etching may also be performed by cde 



instead of rie 

10 



Next, boron ,B, ions at a relatively low dose of about 

5 x 10" cm"' to l v 10" ™-i 

x 10 cm are unplanted into the 

semiconductor substrate 21 with an implant energy of about !0 
*ev to 30 xev by using the mas* pattern in, whereby the 
second lightly d0 ped p-type Mty diffusion ^.^ ^ 

15 shown, having a near-surface impurity concentration of about 
5 x 10" cm - to 1 x . 10 „ cm ., a .^^.^ sii ^ iy 

than that of the first lightly doped p-type ^purity 
diffusion region 33 is formed. Subsequently, arsenic (M) 
ions at a relatively low dose of about 5 x 10" cm- to 1 x 
20 10" cm" are ^planted into the semiconductor substrate 21 
With an implant energy of about 20 *ev to 50 xeV by using the 
— * Pattern 111, wher eby the shallow lightly doped „-type 
purity diffusion region 38 having a near-surface impurity 
concentration of about 5 x !0" cm- to l x l0 » cm -, amJ , 
25 junction depth of about 40 nm is formed. 
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Next, as shown in FIG JT.r +-k«. i 

rxt,. 23G, the mask pattern 111 i s 

removed and the sidewalls 3 7 are further removed fcy ^ 
vapor-phase hydrofluoric acid. Then, the portion of the 

protective insulatinq film i« 

"9 nxm 36 on the sxde surface of the 

5 control gate electrode 31A closer 1-0 c 

closer to the source region is 

removed by using the mask pattern 131 hfl vi nn = „ 

Hacuern ui navmg an openxng over 

the source region of the control gate electrode 31a. 

Next, as shown in FIG. 23H, the mask pattern 131 is 
removed and then the semiconductor substrate 21 is thermally 
10 oxidized in an oxygen atmosphere at a temperature of about 
850 V whereby the tunnel insulating film 39 with a 
thickness of about 9 nm is formed on the exposed surface of 
the recessed portion 21b of the semiconductor substrate 21. 
At this time, the thermal oxide film is also formed on each 
15 of the side surfaces of the control gate electrode 31A to 
increase the thickness of the protective insulating film 36. 
Since each of the protective insulating film 36 and the 
tunnel insulating film 39 is composed of a silicon dioxide 
film, a thermal stress therebetween is small. 
20 Next, the polysilicon (DP) fii m doped with pnosphorus 

(P) and having a thickness of about 120 nm to 200 nm is 
formed by CVD over the entire surface of the semiconductor 
substrate 21 including the gate electrode 31A and the 
protective insulating film 36. Subsequently, the DP fii m is 
25 etched back by anisotropic dry etching using the mask pattern 
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having an opening over the drain region to for*, the sidewall- 
li*e DP film on che side surface of ^ 

electrode 31A. Specifically, etohing is halted at the tl» 
at which the tunnel insulating f il ra 39 is - exposed such ^ 
5 the sidewall-li ke dp tUM 40A having . ^.^ correspond . ng 
to about 80* of the height of the control gate electrode 31A, 
which is about 160 nm in this case, is forced on that one of 
the side surfaces of the control gate electrode 31A closer to 
the drain region to cover up the stepped portion of the 
10 recessed portion 21b in the semiconductor substrate 21. Then, 
by dry etching using the masx pattern for .asking «„' 
sidewall-lixe DP film, the floating gate electrodes ^ ^ 
formed by self alignment from the side„all-li k e DP film such 
that they are separate from each other to correspond to the 
15 individual memory elements. Ea ch of the floating gate 
electrodes 40B is capacitively coupled to the side surface of 
the control gate electrode 31A closer to the drain region 
with the protective insulating ,il m 3 6 interposed 
therebetween and opposed to the recessed portion 21b in the 

20 semiconductor substrate 21 with th P i-„„„-i • 

wxrn tne tunnel insulating film 39 

interposed therebetween. 

Next, by using the control gate electrode 31A and the 
floating gate electrode 40B as a mask, arsenic (As, ions ata 
relatively high dose of about 5 x 10" cm- to 1 x 10" cm- 
25 are implanted into the semiconductor substrate 21 with an ' 
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implant energy of about 50 Rev. As a result , the SQurce 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10" 
cm' 3 to 1 x 10 21 cm- 3 are formed. 
5 Although the stepped portion covered up with the 

floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 
fourth embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode. 40B, the 
10 stepped portion may not be provided. 

Thus, according to the fourth embodiment, the side 
surface of the control gate electrode 3l A opposed to the 
floating gate electrode 40B is covered with the protective 
insulating fil m 36 , which prevents ^ ^ 

15 31A from being damaged by etching during the formation of the 
floating gate electrode 40B. 

Since the sldewalls 37 composed o£ BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating film 36 and are not in direct contact 
20 with the semiconductor substrate 21 as shown in FIG . 23E, the 
surface of the semiconductor substrate 21 is not damaged when 
the sidewalls 37 are removed in the subseguent step. This 
stabilizes the operation of the memory elements. 

in the fourth embodiment also, each of the elements in 
25 the peripheral circuit formation region is formed 
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subsequently to the step of forming the memory elements so 
. that the control gate electrode 31a and the floating gate 
electrode 40B suffer no etching damage. 

Since the protective insulating f il m 36 is not provided 
on the side surface of the control gate electrode 31A 
opposite to the floating gate electrode 40B, the effective 
channel length of the nonvolatile semiconductor memory 
element can be reduced* 

VARIATION OF EMBODIMENT 4 

A variation of the fourth embodiment of the present 
invention will be described with reference to the drawings. 

FIG. 24 shows a cross-sectional structure of a memory 
element in a nonvolatile semiconductor memory device 
according to the variation of the fourth embodiment. i„ FIG. 
24, the same components as shown in FIG. 22 are designated at 
the same reference numerals . 

The present variation features a tunnel insulating film 
16 which is formed by the internal-combustion pyrogenic 
oxidation and a silicon dioxide film 13a which is formed on 
each of the side portions of the control gate electrode 13 by 
the internal-combustion pyrogenic oxidation. 

A description will be. given herein below to a specific 
example of a method for forming the tunnel insulating film 16 
and the silicon dioxide film i 3a . 
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in the step of forming the tunnel insulating film 39 
shown in fig . 23„ according to the fourth embodiment, e.g., 
hydrogen gas and oxygen gas are introduced into the chamber 
°f the rapid thermal oxidation apparatus in „ h ich the 
5 temperature is set to about 900 X to 1100 X and the pressure 
is set to about 10 00 Pa to 2000 Pa such that the 
semiconductor substrate 21 is thermally oxidized with water 
vapor generated thereover, whereby the tunnel insulating film 
39 with a thickness of 6 „m to 15 „m is formed on the exposed 
10 surface of the recessed portion 21b of the semiconductor 
substrate 21. At this time, the side surfaces of the control 
gate electrode 31A are also thermally oxidized simultaneously 
so that the tunnel insulating film 1 6 and the silicon dioxide 
film 13a shown in FIG. 24 are formed. 
15 in addition to achieving the same effects as achieved 

by the fourth embodiment, the present variation forms the 
tunnel insulating film 39 with a nearly uniform thickness 

since the formation of +h*> • 

or the tunnel insulating film 39 by the 

internal-combustion thermal oxidation suppresses accelerated 
20 oxidation of the lightly doped n-type impurity diffusion 
region 38. 

Moreover, the occurrence of a bird's beak in the second 

thermal oxide film 2a 

28 as. the gate oxide film and the 

occurrence of a bird's beax in the lower portion of the side 
25 surface of the control gate electrode 3 lA are suppressed. As 
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a result, each of the gate oxide film and the capacitance 
insulating film has a nearly uniform thickness. 

Since the formation of the tunnel insulating film 39 by 
the internal-combustion thermal oxidation forms the compact 
silicon dioxide films 13a on each of the side portions of the 
control gate electrode 13 as shown in FIG. 24, the release of 
electrons accumulated in the floating gate electrode 15 is 
suppressed and the reliability of the memory element is 
improved. Furthermore, the quality of the tunnel insulating 
film 39 formed by the internal-combustion thermal oxidation 
is equal or superior to the quality of a tunnel insulating 
film formed in a normal oxygen atmosphere. 

Although the lower portion of the protective insulating 
film 14A has a portion protruding along the substrate surface, 
it is also possible to form the protective insulating film 
14A without the protruding portion. without the protruding 
portion, trapping of electrons or holes in the protruding 
portion is suppressed during a write or erase operation so 
that the degradation of the memory element due to an increase 
in the number of write or erase operations is suppressed 
significantly. 

EMBODIMENT 5 

A nonvolatile semiconductor memory device according to 
a fifth embodiment of the present invention and a method for 



fabricating the same will be described with reference to' the 
drawings . 

fig. 25 shows a cross-sectional structure of a memory 
element in the nonvolatile semiconductor memory device 
5 according to the fifth embodiment. In FIG. 25, the 
description of the same components as shown in FIG. 1 is 
omitted by retaining the same reference numerals. 

The fifth embodiment features a protective insulating 
film 14A which is a multilayer structure composed of a 
10 silicon dioxide film and a silicon nitride film and provided 
only on that one of the side surfaces of the control gate 
electrode 13. opposite to the floating gate electrode 15. 

The present embodiment also features a capacitance 
insulating fii m 16B between the control ^ electrQde ^ ^ 

15 the floating gate electrode 15, which is composed of the same 
thermal oxide film as composing a tunnel insulating film 16A. 

The description will be given next to a method for 
fabricating the memory element i„ the nonvolatile 
semiconductor memory device according to the fifth embodiment 
20, with reference to FIGS. 26A to 26H. As for the steps of ( 1 ) 
Formation of Isolation Regions, (2) Formation of well Regions, 
(3) Formation of Gate Oxide Films, and (5) Formation of 
Elements in Peripheral Circuit Formation Region, they are the 
same as in the fi rst embodiment. m FIGS. 26a to 26H, the 

25 same components as us*»ri ;„ *-k^ 

used xn the first embodiment are 
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designated at the same reference numerals. 

First, as shown in FIG. 26A, dry etching is performed 
with respect to the second siiicon nitride film 32 and to the 
polysiiicon film 31 by using the mask ^ ^ ^ 

5 pattern for forming the control gate electrode of the memory 
element formed on the second silicon nitride film 32. „ hereby 
the oontrol gate electrode 31A composed of an n-type 
polysiiicon film and having the upper surface covered with 
the second silicon dioxide film 32 is formed. 

10 Next, as shown in fig 4-k~ 

titj * 26B ' the mask pattern 109 is 

removed and then the mas, pattern no having an opening over 
the drain formation region is forced on the semiconductor 
substrate 21. By using the forced mas* pattern 110, horon 
(B, ions at a dose of about 5 x 10" cm- to 1 x 10" cm- are 
15 implanted into the semiconductor substrate 21 with an implant 
energy of about 5 Rev to 15 xev, whereby the first lightly 
doped p-type impurity diffusion region 33 having a near- 
surface impurity concentration of about 5 x !0" cm"' to 1 x 
10" cm- and a shallow Junction is formed. It is also 
•0 possible to preliminarily remove the portion of the second 
thermal oxide film 28 located abQve ^ ^ ^ 

P-type impurity diffusion region 33 by wet etching using 
hydrofluoric acid and implant the boron ,B, ions under the 
implant conditions described above. 

Next, as shown in fig . 

tit.. 26C, the mask pattern 110 is 
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removed and then the second silicon dioxide film 34 and the 
third silicon nitride f ila 35 each having a thickness of 
about 5 nm to 15 nm are deposited successively by CVD over 
the entire surface of the semiconductor substrate 21 
5 including the second silicon nitride film 32 and the control 
gate electrode 31A. 

Next, as shown in FIG. 26D, the BPSG film 37A with a 
thickness of about 40 nm to 100 nm is deposited by CVD over 
the entire surface of the third silicon nitride film 35. 
10 Then, as shown in FIG. 26E, anisotropic etching is 

performed to etch back the deposited BPSG film 37A and 
further remove the third silicon nitride film 35, the second 
silicon dioxide film 34, and the second thermal oxide film 28,. 
thereby exposing the semiconductor substrate 21 and forming 
15 the sidewalls 37 on the side surfaces of the control gate 
electrode 31A via the protective insulating film 36 composed 
of the second silicon dioxide film 34. 

Next, as shown in FIG. 26F, the mask pattern 111 having 
an opening over the drain region is formed on the 
20 semiconductor substrate 21. By using the mask pattern 111, 
the control gate electrode 31A, and the sidewalls 37, dry 
etching is performed with respect to the upper portion of the 
semiconductor substrate 21. by reactive- ion etching ( RIE j , 
thereby forming the recessed portion 21b at a depth of about 
25 25 nm to 75 nm. The etching may also be performed by CDE 
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instead of rie. 



Next, boron (B ) ions at a relatively low dose of about 

5 x 10" cm- to 1 x in" ™-i 

x 10 cm are implanted into the 

semiconductor substrate 2! with an implant energy of about 10 
5 kev to 30 Rev by using the mas, pattern in, „ hereby the 
second lightly doped p-type impurity diffusion region (no t 
shown, having a near-surface impurity concentration of about 
5 x 10" cm- to l x 10- cm- and a junction slightly deeper 
than that of the f irs t ligbtly doped p . type 
10 diffusion region 33 is formed. Subseguently, arsenic (As) 
ions at a relatively low dose of about 5 x 10" cm- to . 1 x 
10" cm- are implanted into the semiconductor substrate 21 
with an implant energy of about 20 kev to 50 xev by using the 
masx pattern 111, „ ne reby the shallow lightly doped n-type 
15 impurity diffusion region 38 having a near-surface impurity 
concentration of about 5 x 10- cm- to 1 x 10" cm- and a 
junction depth of about 40 „m is formed. 

Next, as shown in FIG ?nr -j 

20G ' the sxdewalls 37 are 

removed by using vapor-phase hydrofluoric acid. Then, dry 
20 etching is performed with respect to the third silicon 
nitride film 35 of the protective insulating film 3* and wet 
etching is performed with respect to the second silicon 
dioxide film 34 each by using the masx pattern 111, „ h ereby 
the protective insulating film 36 on the side surface of the 
25 control gate electrode 31A closer to therein region is 
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removed therefrom. 

Next, as shown in FIG. 26H, the mask pattern ill is 
removed and the semiconductor substrate 21 is thermally 
oxidized in an oxygen atmosphere at a temperature of about 
850 °C , whereby a thermal oxide film with a thickness of 
about 9 nm is formed on the exposed surface of the recessed 
portion 21b of the semiconductor substrate 21 and on the side 
surface of the control gate electrode 31A closer to the drain 
region. The thermal oxide film serves as a tunnel insulating 
film 39A between the semiconductor substrate 21 and a 
floating gate electrode to be formed in the subsequent step, 
while serving as a capacitance insulating film 39B between 
the control gate electrode 31A and the floating gate 
electrode. 

Next, the polys ilicon (DP) film doped with phosphorus 
(P) and having a thickness of about 120 nm to 200 nm is 
formed by CVD over the entire surface of the semiconductor 
substrate 21 including the gate electrode 31A and the 
protective insulating film 36. Subsequently, the DP film is 
etched back by anisotropic dry etching using the mask pattern 
having an opening over the drain region to form the sidewall- 
like DP fil m on the side surface of the control gate 
electrode 31A. Specifically, etching is halted at the time 
at which the tunnel insulating film 39 is exposed such that 
the sidewall-like dp filn 4 0A having a height corresponding 
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to about 80% of the height of the control gate electrode 31A, 
which is about 160 nm in this case, is formed on that one of 
the side surfaces of the control gate electrode 31A closer to 
the drain region to cover up the stepped portion of the 
recessed portion 21b in the semiconductor substrate 21. Then, 
by dry etching using the mask pattern for masking the 
sidewall-like dp film, the floating gate electrodes 40B are 
formed by self alignment from the sidewall-like DP film such 
that they are separate from each other to correspond to the 
individual memory elements. Each of the floating gate 
electrodes 40B is capacitively coupled to the side surface of 
the control gate electrode 31A closer to the drain region 
with the capacitance insulating film 39B interposed 
therebetween and opposed to the recessed portion 21b in the 
semiconductor substrate 21 with the tunnel insulating film 
39A interposed therebetween. 

Next, by using the control gate electrode 31a and the 
floating gate electrode 40B as a mask, arsenic (As) ions at a 
relatively high dose of about 5 x 10" cm'' to 1 x 10" cm" 2 
are implanted into the semiconductor substrate 21 with an 
implant energy of about 50 keV. As a result, the source 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x id" 
cnr> to 1 x 10" cm- 3 are formed in the semiconductor substrate 
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Although the stepped portion covered up with the 
floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 
fifth embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
stepped portion may not be provided. 

Thus, according to the fifth embodiment, the side 
surface of the control gate electrode 31A closer to the 
source region is covered with the protective insulating film 
36, which prevents the control gate electrode 31A from being 
damaged by etching during the formation of the floating gate 
electrode 40B. 

in the fifth embodiment also, each of the elements in 
the peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A and the floating gate 
electrode 40B suffer no etching damage. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating film 3 6 and are not in direct contact 
with the semiconductor substrate 21 as shown in FIG. 26E, the 
surface of the semiconductor substrate 21 is not damaged when 
the sidewalls 37 are removed in the subsequent step. This 
stabilizes the operation of the memory elements. 

Since the tunnel insulating film 3 9A and the 



capacitance insulating film 39B are formed in the same step, 
the number of the process steps can be reduced. since the 
tunnel insulating fil m 3 9A and the capacitance insulating 
film 39B have nearly equal thicknesses, the capacitive 
coupling ratio between the control gate electrode 31A and the 
floating gate electrode 40B can be increased so that the 
operating characteristics of the nonvolatile semiconductor 
memory element are improved. 

VARIATION OF EMBODIMENT 5 

A variation of the fifth embodiment of the present 
invention will be described with reference to the drawings. 

FIG. 27 shows a cross-sectional structure of a memory 
element in a nonvolatile semiconductor memory device 
according to the variation of the fifth embodiment. m FIG. 
27, the same components as shown in FIG. 25 are designated at 
the same reference numerals. 

The present variation features a protective insulating 
film 14 provided on the side surface of the control gate 
electrode 13 opposite to the floating gate electrode 15, 
which is a multilayer structure composed of a silicon dioxide 
film and a silicon nitride film formed in tnis order Qn thg 
control gate electrode 13. 

The present variation also features a tunnel insulating 
film 16A which is formed by the internal-combustion pyrogenic 



oxidation and a silicon dioxide film 14 . which is formed on 
the side surface of the silicon nitride film of the 
protective insulating film 14 opposite to the silicon dioxide 
film by the internal-combustion pyrogenic oxidation. 

A description will be given herein below to a specific 
example of a method for forming the tunnel insulating film 
16A and the silicon dioxide film 14a. 

in the step of forming the tunnel insulating film 39A 
and the capacitance insulating film 39B shown . in FIG. 26H 
according to the fifth embodiment, hydrogen gas and oxygen 
gas are introduced into the chamber of the rapid thermal 
oxidation apparatus in which the temperature is set to. about 
900 -C to 1100 -C and the pressure is set to about 1000 Pa to 
2000 Pa and the semiconductor substrate 21 is thermally 
oxidized with water vapor generated thereover, whereby ~ a 
thermal oxide film with a thickness of 6 nm to 15 nm is 
formed on the exposed surface of the recessed portion 21b of 
the semiconductor substrate 21. The thermal oxide film 
serves as the tunnel insulating film 39A between the 
semiconductor substrate 21 and the floating gate electrode, 
while serving as the capacitance insulating film 39A between 
the control gate electrode 31A and the floating gate 
electrode. Since the internal-combustion thermal oxidation 
also oxidizes the silicon nitride film, the exposed surface 
of the silicon nitride film 35 in the outer portion of the 
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protective insulating film 36 is oxidized so that the tunnel 
insulatin, film 16A and che siUcon dioxide f ^ ^ ^ 
FIG. 27 are formed. 

in addition to achieving the same effects as achieved 
by the fifth embodiment, the present variation forms the 
tunnel insulating film 3 9ft „ ith a nearly uniform 
since the formation of the tunnel insulating film 39 by the 
internal-combustion thermal oxidation suppresses accelerated 
oxidation of the lightly doped „-type impurity diffusion 
region 38. Moreover, the quality of each of the tunnel 
insulating film 3! >A and the capacitance insulating £lln 3 9B 
formed by the internal-combustion thermal oxidation is egual 
or superior to the quality of a thermal oxide film formed in 
a normal oxygen atmosphere. 

Furthermore, the occurrence of a bird's beak in the 

second thermal oxide film 2a 

xij.m 28 as the gate oxide film and the 

occurrence of a bird's beax in the lower portion of the side 
surface of the control gate electrode 31» are suppressed. 
This provides the gate oxide film and the capacitance 
insulatin, film 39B each having a nearly uniform thicxness. 

EMBODIMENT 6 

A nonvolatile semiconductor memory device according to 
a sixth embodiment of the present invention and a method for 
fabricating the same win be described with reference to the 
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drawings . 

FIG. 28 shows a cross-sectional structure, of a memory 
element in the nonvolatile semiconductor memory device 
according to the sixth embodiment. m FIG. 28, the 
5 description of the same components as shown in FIG. 1 is 
omitted by retaining the same reference numerals. 

The sixth embodiment features a protective insulating 
film 14C which is a multilayer structure composed of a 
silicon dioxide film and a sii icon nitride f ilm , provided 
10 only on each of the side surfaces of the control gate 
electrode 13, and having a lower portion not protruding along 
the substrate surface. 

The description will be given next to a method for 
fabricating the memory element in the nonvolatile 
15 semiconductor memory device according to the sixth embodiment 
with reference to FIGS. 29A to 29H. As for the steps of (l) 
Formation of Isolation Regions, (2) Formation of Well Regions, 
(3) Formation of Gate Oxide Films, and (5) Formation of 
Elements in Peripheral Circuit Formation Region, they are the 
10 same as in the first embodiment. m FIGS. 29A to 29H, the 
same components as used in the first embodiment are 
designated at the same reference numerals. 

First, dry etching is performed with respect to the 
second silicon nitride film 32 and to the polysilicon film 31 
by using the mask pattern 109 as a pattern for forming the 
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control gate electrode of the memory element formed on the 
second silicon nitride film 32, whereby the control gate 
electrode 31A composed of an n-type polysilicon film and 
having the upper surface covered with the second silicon 
dioxide film 32 is formed. 

Next, as shown in FIG. 29A, the mask pattern 109 is 
removed and then the mask pattern 110 having an opening over 
the drain formation region is formed on the semiconductor 
substrate 21. By using the formed mask pattern 110, boron 
(B) ions at a dose of about 5 x 10" cm" 2 to 1 x 10" cm' 2 are 
implanted into the semiconductor substrate 21 with an implant 
energy of about 5 keV to 15 keV, whereby the first lightly 
doped p-type impurity diffusion region 33 having a near- 
surface impurity concentration of about 5 x 10 16 cm" 3 to 1 x 
10- cm- and a shallow junction is formed. it is also 
possible to preliminarily remove the portion of the second 
thermal oxide film 28 located above the first lightly doped 
P-type impurity diffusion region 33 by wet etching using 
hydrofluoric acid and implant the boron (B ) ions under the 
implant conditions described above. 

Next, as shown in FIG. 29B, the mask pattern 110 is 
removed and then the second silicon dioxide film 34 and the 
third silicon nitride film. 35 each having a thickness of 
about 5 nm to 15 nm are deposited successively by CVD over 
the entire surface of the semiconductor substrate 21 



including the second silicon nitride fil m 32 and the control 
gate electrode 31A. Then, the BPSG film 37A with a thickness 
of about 40 nm to 100 nm is deposited by CVD over the entire 
surface of the third silicon nitride film 35. 

Then, as shown in FIG. 29C, anisotropic etching is 
performed to etch back the deposited BPSG film 37A and 
further remove the third silicon nitride film 35, the second 
silicon dioxide film 34, and the second thermal oxide film 2 8, 
thereby exposing the semiconductor substrate 21 and forming 
the sidewalls 37 on the side surfaces of the control gate 
electrode 31A via the protective insulating film 36 composed 
of the second silicon dioxide film 34 and the third silicon 
nitride film 35. 

Next, as shown in FIG. 29D, the mask pattern 111 having 
an opening over the drain region is formed on the 
semiconductor substrate 21. B y using the mask pattern Hi, 
the control gate electrode 31A, and the sidewalls 37, dry 
etching is performed with respect to the upper portion of the 
semiconductor substrate 21 by reactive-ion etching (Ri E ), 
thereby forming the recessed portion 21b at a depth of about 
25 nm to 75 nm. The etching may also be performed by CDE 
instead of rie. 

Next, boron ( B ) ions at a relatively low dose of about 

5 x 10 12 cm" 2 to 1 x in 14 

1 x 10 cm a re implanted into the 

semiconductor substrate 71 h • 

raie 21 Wltn an implant energy of about 10 
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keV to 30 KeV by using the mask pattern ^ ^ 
second lightly doped p-type impurity diffusion region (not 
shown) having a near-surface impurity concentration of about 
5 x 10- cm- to 1 x 10- cm- and a junction slightly deeper 
than that of the first lightly doped p-type impurity 
diffusion region 33 is formed. Subsequently, arsenic (As) 
ions at a relatively low dose of about 5 x 10" cm- to 1 x 
10" cm- are implanted into the semiconductor substrate 21 
with an implant energy of about 20 kev to 50 keV by using the 
mask pattern 111, whereby the shallow lightly doped n-type 
i-Purity diffusion region 38 having a near-surface impurity 
concentration of about 5 x 10" cm- to 1 x 10" cm- and. a 
junction depth of about 40 nm is formed. 

Next, as shown in FIG. 29E, the mask pattern 111 is 

removed and the sidewall«? -*-7 * 

siaewaus 37 are further removed by using 

vapor-phase hydrofluoric acid. Then, as shown in FIG. 29F, 
the portions of the protective insulating film 36 covered 
with the bottom portions of the sidewalls 37 are removed by 
anisotropic etching. Subsequently, as shown in FIG. 29G, the 
portions of the second thermal oxide film 28 covered with the 
bottom portions of the sidewalls 37 are also removed by 
anisotropic etching. 

Next, as shown in FIG. 29H, the semiconductor substrate 
21 is thermally oxidized in an oxygen atmosphere at a 
temperature of about 850 »C , whereby the tunnel insulating 



film 39 with a thickness of about 9 nm is formed on the 
exposed surface of the recessed portion 21b of the 
semiconductor substrate 21. 

Next, the polysilicon (DP) tUm doped with phosphorus 
(P) and having a thickness of about 120 nm to 200 nm is 
formed by cvd over the entire surface of the semiconductor 
substrate 21 including the gate electrode 31A and the 
protective insulating film 36. Subsequently, the DP film is 
etched back by anisotropic dry etching using the mask pattern 
having an opening over the drain region to form the sidewall- 
like DP fii m on the side surface of the control gate 
electrode 31A. Specifically, etching is halted at the time 
at which the tunnel insulating fii m 3 9 is exposed such that 
the sidewall-like DP fil m 40A having a height corresponding 
to about 80% of .the height of the control gate electrode 31A, 
which is about 160 nm in this case, is formed on that one of 
the side surfaces of the control gate electrode 31A closer to 
the drain region to cover up the stepped portion of the 
recessed portion 21b in the semiconductor substrate 21. Then, 
by dry etching using the mask pattern for masking the 
sidewall-like DP film, the floating gate electrodes 40B are 
formed by self alignment from the sidewall-like DP film such 
that they are separate from, each other to correspond to the 
individual memory elements. Eac h of the floating gate 
electrodes 40B is capacitively coupled to the side surface of 



the control gate electrode 31A closer to the drain region 
with the protective insulating film 3 6 interposed 
therebetween and opposed to the recessed portion 21b in the 
semiconductor substrate 21 with the tunnel insulating fii m 39 
interposed therebetween. 

Next, by using the control gate electrode 31A and the 
floating gate electrode 40B as a mask, arsenic (As) ions at a 
relatively high dose of about 5 x 10" cm" 2 to 1 x 10" cm- 
are implanted into the semiconductor substrate 21 with an 
implant energy of about 50 xeV. as a result, the source 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10" 
cm" 3 to 1 x 10 21 cm" 3 are formed. 

Although the stepped portion covered up with the 
floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 
sixth embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
stepped portion may not be provided. 

Thus, according to the sixth embodiment, each of the 
side surfaces of the control gate electrode 31A is, covered 
with the protective insulating film 3 6 composed of the second 
silicon dioxide film 34 and .the third silicon nitride film 35 
in the step of f ormi ng the tunnel insulating film 39, which 
prevents oxidation of the side surfaces of the control gate 



electrode 31A. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating fii m 36 and are not in direct contact 
5 with the semiconductor substrate 21 as shown in FIG. 29c, the 
surface of the semiconductor substrate 21 is not damaged when 
the sidewalls 37 are removed in the subsequent step. This 
stabilizes the operation of the memory elements. 

in the sixth embodiment also, each of the elements in 
10 the peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A and the floating gate 
electrode 40B suffer no etching damage. 

15 VARIATION OF EMBODIMENT 6 

A variation of the sixth embodiment of the present 
invention will be described with reference to the drawings. 

FIG. 30 shows a cross-sectional structure of a memory 
element in a nonvolatile semiconductor memory device 
20 according to the variation of the sixth embodiment. i„ FIG. 
30, the same components as shown in FIG. 28 are designated at 
the same reference numerals. 

The present variation, features a protective insulating 
film 14C provided on each of the side surfaces of the control 
25 gate electrode 13, which is a multilayer structure composed 
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of a silicon dioxide fil m and a silicon nitride film formed 
in this order on the control gate electrode 13. 

The present variation also features a tunnel insulating 
film 16 formed by the internal-combustion pyrogenic oxidation 
5 and a silicon dioxide film 14a formed on the side surface of 
the silicon nitride film of the protective insulating film 
14C opposite to the silicon dioxide film by the internal- 
combustion pyrogenic oxidation. 

A description will be given herein below to a specific 
10 example of a method for forming the tunnel insulating film 16 
and the silicon dioxide film 14a. 

In the step of forming the tunnel insulating film 3 9 
shown in FIG. 29H according to the sixth embodiment, e.g., 
hydrogen gas and oxygen gas are introduced into the chamber 
15 of the rapid thermal oxidation apparatus in which the 
temperature is set to about 900 «C to 1100 °C and the pressure 
is set to about 1000 Pa to 2000 Pa such that the 
semiconductor substrate 21 is thermally oxidized with water 
vapor generated thereover, whereby the tunnel insulating film 
39 with a thickness of 6 run to 15 nm is formed on the exposed 
surface of the recessed portion 21b of the semiconductor 
substrate 21. since the internal-combustion thermal 

oxidation process also oxidizes the silicon nitride film, the 
exposed surface of the third silicon nitride film 35 in the 
25 outer portion of the protective insulating film 36 is 
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oxidized so that the tunnel instating film 16 and the 
silicon dioxide fil m 14a snoun in „ 6 _ 3Q 

in addition to achieving the same effects as achieved 
by the sixth embodiment, the present variation forms the 
5 tunnel insulating film 39 with a nearly uniform thickness 
since the formation of the tunnel insulating film. 39 by the 

internal-combustion thermal nv^.f^ 

tnermal oxidation suppresses accelerated 

oxidation of the. lightly doped n-type ^purity diffusion 
region 38. Moreover, the guality of the tunnel insulating 
10 film 39 formed by the internal-combustion thermal oxidation 
is egual or superior to the guaiity of a tunnel inflating 
film formed in a normal oxygen atmosphere. 

Furthermore, the occurrence of a bird-s beak in the 
second thermal oxide fi lm 28 as the gate oxide film and the 

15 occurrence of a bird's beat i, , h , 

ire s beak in the lower portion of the side 

surface of the control gate electrode 33* are suppressed. 
This provides the gate oxide film and the oapacitance 
insulating film each having a nearly uniform thickness. 

Since the use of the internal-combustion thermal 
20 oxidation oxidizes the outer surface of the silicon nitride 
film of the protective insulating £Um 14c Co £orn t „ e 
silicon dioxide film 14a as shown in FIG. 30, the effect of 
suppressing the release of electrons accumulated in the 
floating gate electrode 15 is improved and the reliability of 
25 the memory element is improved. 
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EMBODIMENT 7 

A nonvolatile semiconductor memory device according to 
a seventh embodiment of the present invention and a method 
5 for fabricating the same will be described with reference to 
the drawings . 

FIG. 31 shows a cross-sectional structure of a memory 
element in the nonvolatile semiconductor memory device 
according to the seventh embodiment. m fig. 31, the 
10 description of the same components as shown in FIG. 1 is 
omitted by retaining the same reference numerals. 

The seventh embodiment features a protective insulating 
film 14C which is a multilayer structure composed of a 
silicon dioxide film and a silicon nitride film, provided on 
15 only that one of the side surfaces of the 

electrode 13 opposed to the floating gate electrode 15, and 
having a lower portion not protruding along the substrate 
surface* 

The description will be given next to a method for 
20 fabricating the memory element i„ the nonvolatile 
semiconductor memory device according to the seventh 
embodiment with reference to figs. 32a to 32H. As for the 
steps of ,1, Formation of Isolation Regions, ,2, Formation of 
well Regions, ,3, Formation of Gate Oxide Films, and (5) 
Formation of Elements i„ Peripheral Circuit Formation Region, 
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they are the same as in the first embodiment. m FIGS. 32A 
to 32H, the same components as used in the first embodiment 
are designated at the same reference numerals. 

First, dry etching is performed with respect to the 
5 second silicon nitride film 32 and to the polysilicon film 31 
by using the mask pattern 109 as a pattern for forming the 
control gate electrode of the memory element formed on the 
second silicon nitride film 32, whereby the control gate 
electrode 31A composed of an n-type polysilicon film and 
10 having the upper surface covered with the second silicon 
dioxide film 32 is formed. 

Next, as shown in FIG. 32A, the mask pattern 109 is 
removed and then the mask pattern 110 having an opening over 
the drain formation region is formed on the semiconductor 
15 substrate 21. By using the formed mask pattern 110, boron 
(B) ions at a dose of about 5 x 10 12 cm" 2 to 1 x 10" cm' 2 are 
implanted into the semiconductor substrate 21 with an implant 
energy of about 5 kev to 15 keV, whereby the first lightly 
doped p-type impurity diffusion region 33 having a near- 
20 surface impurity concentration of about 5 x 10" cm' 3 to 1 x 
10" cm- and a shallow junction is formed. it is also 
possible to preliminarily remove the portion of the second 
thermal oxide film 28 located above the first lightly doped 
P-type impurity diffusion region 33 by wet etching using 
25 hydrofluoric acid and implant the boron (B ) ions under the 
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implant conditions described above. 

Next, as shown in FIG. 32B, the mask pattern 110 is 
removed and then the second silicon dioxide film 34 and the 
third silicon nitride film 35 each having a thickness of 
about 5 nm to 15 run are deposited successively by CVD over 
the entire surface of the semiconductor substrate 21 
including the second silicon nitride film 32 and the control 
gate electrode 31A. Then, the BPSG film 37A with a thickness 
of about 40 nm to 100 nm is deposited by CVD over the entire 
surface of the third silicon nitride film 35. 

Then, as shown in FIG. 32c, anisotropic etching is 
performed to etch back the deposited BPSG film 37A and 
further remove the third silicon nitride film 35, the second 
silicon dioxide film 34, and the second thermal oxide film 2 8, 
thereby exposing the semiconductor substrate 21 and forming 
the sidewalls 37 on the side surfaces of the control gate 
electrode 31A via the protective insulating film 36 composed 
of the second silicon dioxide fii m 34 and the third silicon 
nitride film 35. Subsequently, the mask pattern 111 having an 
opening over the drain region is formed on the semiconductor 
substrate 21. By using the mask pattern 111, the control 
gate electrode 31A, and the sidewalls 37, dry etching is 
performed with respect to the upper portion of the 
semiconductor substrate 21 by reactive-ion etching { ri E) , 
thereby forming the recessed portion 21b at a depth of about 
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25 nm to 75 nm. The etching may alsQ ^ performed fay 
instead of rie. 

Next., boron (B) ions *t- • 

l l ions at a relatively low dose of about 

5 x 10 1! cm" 1 to 1 x in" ™-2 

10 cm are unplanted Into the 

5 semiconductor substrate 21 with .„ tapUnt e „ ergy q£ ^ ^ 
*ev to 30 *ev by usi„ g the mask pa „ ern ^ ^ 
second li g htiy doped p-type purity diffusion re g io„ ( „ot 
shown, havi ng a near-surface impurity concentration o, about 
5 x io» cm- to 1 x 10 » cm - and a Junction sli g htly deeper 
10 than that of the first l ightly doped p _ type 
. diffusion re gi o„ 33 is formed . Subsequently , arsenic ^ 
ions at a relatively low dose of about 5 x 10" cm- to I x 
10" cm- are implanted into the semiconductor substrate 21 
with an implant e„er g y of about 20 Rev to 50 xev by usin g the 
15 masx pattern in. whereby the shallow ^ ^ 

impurity diffusion region 38 hav-i™ - 

y n ■ 58 hav mg a near-surface impurity 

concentration of about 5 x io l « ™-3 <. 

x 10 cm to 1 x 10 1S> cm" 3 and a 

junction depth of about 40 nm is formed. 

Next, as shown in FIG. 32n „. , 

' J2D ' tne mask pattern 111 i s 

20 removed and the sidewalls 37 *r-o * *u 

' aUs 37 are further removed by using 

vapor-phase hydrofluoric acid. Then, as shown in , W . 32 E , 
the portions of the protective insulating film 36 covered 
with the bottom portions of the sidewalls 37 are removed by 
anisotropic etching subsequently, as shown in fig. 32F, the 
" portions of the second thermal oxide film 28 covered with the 
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bottom portions of the sidewalls 37 are also removed by 
anisotropic etching. 

Next, as shown in FIG. 32G, a mask pattern 132 having 
an opening over the source region and the side of the control 
5 gate electrode 31A closer to the source region is formed. By 
using the formed mask pattern 132, dry etching is performed 
with respect to the upper third silicon nitride film 35 of 
the protective insulating film 3 6, while wet etching is 
performed with respect to the lower second silicon dioxide 
10 film 34 of the protective insulating film 36, whereby the 
portion of the protective insulating film 36 on the side 
surface of the control gate electrode 31A closer to the 
source region is removed therefrom. 

Next, as shown in FIG. 32H, the mask pattern 132 is 
15 removed and then the semiconductor substrate 21 is thermally 
oxidized in an oxygen atmosphere at a temperature of about 
850 °C , whereby the tunnel insulating film 39 with a 
thickness of about 9 nm is formed on the exposed surface of 
the recessed portion 21b of the semiconductor substrate 21. 
20 At this time, a thermal oxide film is formed on the side 
surface of the control gate electrode 31A closer to the 
source region. 

Next, the polysilicon, (DP) film doped with phosphorus 
(P) and having a thickness of about 120 nm to 200 nm is 
25 formed by CVD over the entire surface of the semiconductor 
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substrate 21 including the gate electrode 31A and the 
protective insulating film 36. Subsequently, the DP film is 
etched back by anisotropic dry etching using the mask pattern 
having an opening over the drain region to form the sidewall- 
like DP film on the side surface of the control gate 
electrode 31A. Specifically, etching is halted at the time 
at which the tunnel insulating film 39 is exposed such that 
the sidewall-like DP film 40A having a height corresponding 
to about 80% of the height of the control gate electrode 31A, 
which is about 160 nm in this case, is formed on that one of 
the side surfaces of the control gate electrode 31a closer to 
the drain region to cover up the stepped portion of the 
recessed portion 21b in the semiconductor substrate 21. Then, 
by dry etching using the mask pattern for masking the 
sidewall-like DP film, the floating gate electrodes 40B are 
formed by self alignment from the sidewall-like DP film such 
that they are separate from each other to correspond to the 
individual memory elements. Each of the floating gate 
electrodes 40B is capacitively coupled to the side surface of 
the control gate electrode 31A closer to the drain region 
with the protective insulating film 36 interposed 
therebetween and opposed to the recessed portion 21b in the 
semiconductor substrate 21 with the tunnel insulating film 39 
interposed therebetween. 

Next, by using the control gate electrode 31A and the 
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floating gate electrode 40B as a mask, arsenic (As) ions at a 
relatively high dose of about 5 x 10" Cm - to 1 x 10" cm- 
are implanted into the semiconductor substrate 21 with an 
implant energy of about 50 keV. As a reS ult, the source 
5 region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10" 
cm" 3 to 1 x 10 21 cm' 3 are formed. 

Although the stepped portion covered up with the 
floating gate electrode 40B is provided under the floating 
10 gate electrode 40B in the semiconductor substrate 21 in the 
seventh embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
stepped portion may not be provided. 

Thus, according to the seventh embodiment, the side 
surface of the control gate electrode 31A opposed to the 
floating gate electrode 40B is covered with the protective 
insulating film 36 composed of the second silicon dioxide 
film 34 and the third silicon nitride film 35 in the step of 
forming the tunnel insulating film 39, which prevents 
oxidation of the side surfaces of the control gate electrode 
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in addition, the side surface of the control gate 
electrode 31A opposed to the floating gate electrode 40B is 
covered with the protective insulating film 36, which 
25 prevents the control gate electrode 31A from being damaged by 
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etching during the formation of the £loat . ng gate electrode 
40B. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating film 36 and are not in direct contact 
with the semiconductor substrate 21, as shown in FIG. 32C, 
the surface of the semiconductor substrate 21 is not damaged 
when the sidewalls 37 are removed in the subsequent step. 
This stabilizes the operation of the memory elements. 

in the seventh embodiment also, each of the elements in 
the peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A and the floating gate 
electrode 40B suffer no etching damage. 

Since the protective insulating film 3 6 is not provided 
on the side surface of the control gate electrode 31A 
opposite to the floating gate electrode 40B, the effective 
channel length of the nonvolatile semiconductor memory 
element can be reduced. 
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VARIATION OF EMBODIMENT 7 

A variation of the seventh embodiment of ' the present 
invention will be described with reference to the drawings." 

FIG. 33 shows a cross-sectional structure of a memory 
25 element in a nonvolatile semiconductor memory device 
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according to the variation of the seventh embodiment. i„ FIG. 
33, the same components as shown in FIG. 3! are designated at 
the same reference numerals* 

The present variation .features a protective insulating 
film 14C provided between the control gate electrode 13 and 
the silicon dioxide film 14a, which is a multilayer structure 
consisting of a silicon dioxide film and a silicon nitride 
film formed in this order on the control gate electrode 13. 

The present variation also features a tunnel insulating 
film 16 which is formed by the internal-combustion pyrogenic 
oxidation and the silicon dioxide film 14a which is formed on 
the side surface of the silicon nitride film of the 
protective insulating f ilm 14c closer tQ ^ ^ 

electrode 15 by the internal-combustion pyrogenic oxidation. 

A description will be given herein below to a specific 
example of a method for forming the tunnel insulating film 16 
and the silicon dioxide film I4 a . 

in the step of forming the tunnel insulating film 39 
shown in fig. 32H according to the seventh embodiment, e.g., 
hydrogen gas and oxygen gas are introduced into the chamber 
of the rapid thermal exidation apparatus in which the 
temperature is set to about 900 'C to 1100 'C and the pressure 
is set to about 1000 Pa to 2000 Pa such that the 
semiconductor substrate 21 is thermally oxidized with water 
vapor generated thereover, whereby the tunnel insulating film 
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39 with a thickness of 6 nm to 15 nm is formed on the exposed 
surface of the recessed portion 21b of the semiconductor 
substrate 21. since the internal-combustion thermal 

oxidation process also oxidizes the silicon nitride film, the 
exposed surface of the third silicon nitride film 35 in the 
outer portion of the protective insulating f ilm 3 « is 
oxidized so that the tunnel insulating film 16 and the 
silicon dioxide film 14a shown in FIG. 33 are formed. 

in addition to achieving the same effects as achieved 
by the seventh embodiment, the present variation forms the 
tunnel insulating film 33 „ ith . nearly uniform 
since the formation of the tunnel insulating film 3, by the 
internal-combustion thermal oxidation suppresses accelerated 
oxidation of the lightly doped „-type impurity diffusion 
region 38. Moreover, the quality of the tunnel insulating 
film 39 formed by the internal-combustion thermal oxidation 
is egual or superior to the quality of a tunnel insulating 
film formed in a normal oxygen atmosphere. 

Furthermore, the occurrence of a bird's beak in the 

second thermal oxide film 28 

xxxm 28 as the gate oxxde film and the 

occurrence of a bird's hpat i n , 

" s beak ln th « lower portion of the side 

surface of the control qate electro^ „ a 

gste exectrode 31A are suppressed. 

This provides the gate oxide film and the capacitance 
insulating film each having a nearly uniform thickness. 

Since the use of the internal-combustion thermal 
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oxidation oxidizes the surface of the protective insulating 
film 14C closer to. the floating gate electrode 15 to form the 
silicon dioxide film 14 « as shown in FIG. 33, the effect of 
suppressing the release of electrons accumulated in the 
floating gate electrode 15 is improved and the reliability of 
the memory element is improved. 

EMBODIMENT 8 

A nonvolatile semiconductor memory device according to 
an eighth embodiment of the present invention and a method 
for fabricating the same will be described with reference, to 
the drawings . 

FIG. 34 shows a cross-sectional structure of a memory 
element in the nonvolatile semiconductor memory device 
according to the eighth embodiment. m FIG. 34, the 
description of the same components as shown in FIG. 1 is 
omitted by retaining the same reference numerals. 

The eighth embodiment features a protective insulating 
film 14C which is a multilayer structure composed of a 
silicon dioxide film and a silicon nitride film and provided 
on only that one of the side surfaces of the control gate 
electrode 13 opposite to the floating gate electrode 15 so as 
not to protrude along the substrate surface. 

The description will be given next to a method for 
fabricating the memory element in the nonvolatile 



semiconductor memory device according to the eighth 
embodiment with reference to FIGS. 35A to 35H. As for the 
steps of (1) Formation of Isolation Regions, (2) Formation of 
well Regions, (3) Formation of Gate Oxide Films, and (5) 
5 Formation of Elements in Peripheral circuit Formation Region, 
they are the same as in the first embodiment. In FIGS. 35A 
to 35H, the same components as used in the first embodiment 
are designated at the same reference numerals. 

First, dry etching is performed with respect to the 
10 second silicon nitride film 32 and to the polysilicon film 31 
by using the mask pattern 109 as a pattern for forming the 
control gate electrode of the memory element formed on the 
second silicon nitride film 32 , whereby the control gate 
electrode 31A composed of an n-type polysilicon film and 
15 having the upper surface covered with the second silicon 
dioxide film 32 is formed. 

Next, as shown in FIG. 35A, the mask pattern 109 is 
removed and then the mask pattern 110 having an opening over 
the drain formation region is formed on the semiconductor 
20 substrate 21. By using the formed mask pattern 110, boron 
(B) ions at a dose of about 5 x 10" cm" 2 to 1 x 10" cm' 2 are 
implanted into the semiconductor substrate 21 with an implant 
energy of about 5 keV to 15 kev, whereby the first lightly 
doped p-type impurity diffusion region 33 having a near- 
25 surface impurity concentration of about 5 x 10" cm" 3 to 1 
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10" cm" and a shallow junction is £ormed _ Jt ^ ^ 

possible to preliminarily remove the portion of the second 
thermal oxide film 28 located abQve ^ ^ ^ 

P-type impurity diffusion region 33 by wet etching „ sing 
5 hydrofluoric acid and implant the boron <B, ions under the 
implant conditions described above. 

Next, as shown in fig -i^n +-k„ 

no. 35B, the mask pattern no is 

removed and then the second silicon dioxide film 34 and the 
third silicon nitride film 35 eacn naving , thickness Qf 
10 about 5 nm to 15 nm are deposited successively by CVD over 
the entire surface of the semiconductor substrate 21 
including the second silicon nitride film 32 and the control 
gate electrode 31*. Tnen , tne BpSG fu- ^ ^ ^ 

of about 40 nm to 100 nm is deposited by CVD over the entire 
15 surface of the third silicon nitride film 35. 

Then, as shown in FIG. 35c, anisotropic etching is 
performed to etch bacx the deposited BPSG film 37A and 
further remove the third silicon nitride film 35, the second 
silicon dioxide film 34, and the second thermal oxide film 28, 
20 thereby exposing the semiconductor substrate 2! and forming 
the sidewalls 37 on the side surfaces of the control gate 
electrode 31* via the protective insulating film 3 6 composed 
of the second silicon dioxide film 34 and the third silicon 
nitride film 35. 

Subsequently, the masx pattern Hi havtng an openlng 
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over the drain region is formed on the semiconductor 
substrate 21. By using the mask pattern 111, the control 
gate electrode 31A, and the sidewalls 37, dry etching is 
performed with respect to the upper portion of the 
5 semiconductor substrate 21 by reactive-ion etching (rie), 
thereby forming the recessed portion 21b at a depth of about 
25 nm to 75 nm. The etching may also be performed by CDE 
instead of rie . 

Next, boron (B) ions at a relatively low dose of about 
10 5 x 10- cm- to 1 x 10- cm" 2 are implanted into the 
semiconductor substrate 21 with an implant energy of about 10 
kev to 30 kev by using the mask pattern 111, whereby the 
second lightly doped p-type impurity diffusion region (not 
shown) having a near-surface impurity concentration of about 
15 5 x 10" cm" 3 to 1 x 10- cm- and a junction slightly deeper 
than that of the first lightly, doped p-type impurity 
diffusion region 33 is formed. Subsequently, arsenic (As) 
ions at a relatively low dose of about 5 x 10" cm' 2 to 1 x 
10 14 cm" 2 are implanted into the semiconductor substrate 21 
20 with an implant energy of about 20 keV to 50 kev by using the 
mask pattern 111, whereby the shallow lightly doped n-type 
impurity diffusion region 38 having a near-surface impurity 
concentration of about 5 x 10 16 cm" 3 to 1 x 10 19 cm' 3 and ' a 
junction depth of about 40 nm is formed. 

Next, as shown in FIG. 35D, the mask pattern 111 is 
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removed and the sidewalls 37 are further removed by using 
vapor-phase hydrofluoric acid. Then, as shown in FIG. 35E, 
the portions of the protective insulating film 36 covered 
with the bottom portions of the sidewalls 37 are removed by 
anisotropic etching. Subsequently, as shown in FIG. 35F, the 
portions of the second thermal oxide film 28 covered with the 
bottom portions of the sidewalls 37 are also removed by 
anisotropic etching. 

Next, as shown in FIG. 35G, a mask pattern 133 having 
an opening over the drain region and the side of the control 
gate electrode 31A closer to the drain region is formed. By 
using the formed mask pattern 133, dry etching is performed 
with respect to the upper third silicon nitride film 35 of 
the protective insulating film 36, while wet etching is 
performed with respect to the lower second silicon dioxide 
film 34 of the protective insulating film 36, whereby the 
portion of the protective insulating film 36 on the side 
surface of the control gate electrode 31A closer to the drain 
region is removed therefrom. 

Next, as shown in FIG. 35H, the mask pattern 133 is 
removed and then the semiconductor substrate 21 is thermally 
oxidized in an oxygen atmosphere at a temperature of about 
850 °C , whereby a thermal . oxide film with a thickness of 
about 9 nm is formed on the exposed surface of the recessed 
portion 21b of the semiconductor substrate 21 and on the side 
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surface of the control gate electrode 31A closer to the drain 
region. The thermal oxide film serves as the tunnel 
insulating film 39A between the semiconductor substrate 21 
and a floating gate electrode to be formed in the subsequent 
step, while serving as the capacitance insulating film 39B 
between the control gate electrode 31A and the floating gate 
electrode • 

Next, the polysilicon (DP) film doped with phosphorus 
(P) and having a thickness of about 120 nm to 200 run is 
formed by. CVD over the entire surface of the semiconductor 
substrate 21 including the gate electrode 31A and the 
protective insulating film 36. Subsequently, the DP film is 
etched back by anisotropic dry etching using the mask pattern 
having an opening over the drain region to form the sidewall- 
like DP film on the side surface of the control gate 
electrode 31A. Specifically, etching is halted at the time 
at which the tunnel insulating film 39A is exposed such that 
the sidewall-like DP film 4 0A having a height corresponding 
to about 80% of the height of the control gate electrode 31A, 
which is about 160 nm in this case, is formed on that one of 
the side surfaces of the control gate electrode 31A closer to 
the drain region to cover up the stepped portion of the 
recessed portion 21b in the. semiconductor substrate 21. Then, 
by dry etching using the mask pattern for masking the 
sidewall-like DP film, the floating gate electrodes 40B are 
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formed by self alignment from the sidewail-like DP film such 
that they are separate from .each other to correspond to the 
individual memory elements. Each of the floating gate 
electrodes 40B is capacitively coupled to the side surface of 
the control gate electrode 31A closer to the drain region 
with the capacitance insulating film 39B interposed 
therebetween and opposed to the recessed portion 21b in the 
semiconductor substrate 21 with the tunnel insulating film 
39A interposed therebetween. 

Next, by using the control gate electrode 31A and the 
floating gate electrode 40B as a mask, arsenic (As) ions at a 
relatively high dose of about 5 x 10 13 cm" 2 to 1 x 10" cm' 2 
are implanted into the semiconductor substrate 21 with an 
implant energy of about 50 kev. As a result, the source 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10 19 
cm" 3 to 1 x 10 21 cm" 3 are formed. 

Although the stepped portion covered up with the 
floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 
eighth embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
stepped portion may not be provided. 

Thus, according to the eighth embodiment , the side 
surface of the control gate electrode 31A closer to the 
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source region is covered with the protective insulating film 
36, which prevents the control gate electrode 31a from being 
damaged by etching during the formation of the floating gate 
electrode 40B. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating film 36 and are not in direct contact 
with the semiconductor substrate 21, as shown in FIG. 35C, 
the surface of the semiconductor substrate 21 is not damaged 
when the sidewalls 37 are removed in the subsequent step. 
This stabilizes the operation of the memory elements. 

in the eighth embodiment also, each of the elements in 
the peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A and the floating gate 
electrode 40B suffer no etching damage. 

Since the tunnel insulating film 39A and the 
capacitance insulating film 39B are formed in the same step, 
the number of the process steps can be reduced. since the 
tunnel insulating film 3 9A and the ■ capacitance insulating 
film 39B have nearly equal thicknesses, the capacitive 
coupling ratio between the control gate electrode 31A and the 
floating gate electrode 408 can be increased so that the 
operating characteristics of the nonvolatile semiconductor 
memory element are improved. 

136 



VARIATION OF EMBODIMENT 8 

A variation of the eighth embodiment of the present 
invention will be described with reference to the drawings. 
5 FIG. 36 shows a cross-sectional structure of a memory 

element in a nonvolatile semiconductor memory device 
according to the variation of the eighth embodiment. m FIG. 
36, the same components as shown in FIG. 34 are designated at 
the same reference numerals. 
10 The present variation features a protective insulating „ 

film 14C provided on the side surface of the control gate " 
electrode 13 opposite to the floating gate electrode 15, 
which is a multilayer structure composed of a silicon dioxide 
film and a silicon nitride fil m forme d in this order on the 
15 control gate electrode 13. 

The present variation also features the tunnel 
insulating film 16A and the capacitance insulating film 16B 
formed by the internal-combustion pyrogenic oxidation and a 
silicon dioxide film 14a formed on the side surface of the 
20 silicon nitride film of the protective insulating film 14C 
opposite to the silicon dioxide film by the internal- 
combustion pyrogenic oxidation. 

A description will be .given herein below to a specific 
example of a method for forming the tunnel insulating film 
25 16A and the silicon dioxide film 14a. 



137 



In the. step of forming the tunnel insulating film 39A 
and the capacitance insulating film 39B shown in FIG. 35H 
according to the eighth embodiment, e.g., hydrogen gas and 
oxygen gas are introduced into the chamber of the rapid 
thermal oxidation apparatus in which the temperature is set 
to about 900 -C to 1100 «C and the pressure is set to about 
1000 Pa to 2000 Pa and the semiconductor substrate 21 is 
thermally oxidized with water vapor generated thereover, 
whereby a thermal oxide film with a thickness of 6 nm to 15 
nm is formed on the exposed surface of the recessed portion 
21b of the semiconductor substrate 21. The thermal oxide 
film serves as the tunnel insulating film 39A between the 
semiconductor substrate 21 and the floating gate electrode, 
while serving as the capacitance insulating film 39B between 
the control gate electrode 31A and the floating gate 
electrode. since the internal-combustion thermal oxidation 
process also oxidizes the silicon nitride film, the exposed 
surface of the third silicon nitride film 35 in the outer 
portion of the protective insulating film 36 is oxidized so 
that the tunnel insulating film 16A and the silicon dioxide 
film 14A shown in FIG. 36 are formed. 

in addition to achieving the same effects as achieved 
by the eighth embodiment, .the present variation forms the 
tunnel insulating film 39A with a nearly uniform thickness 
since the formation of the tunnel insulating film 39 by the 
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internal-combustion thermal oxidation suppresses accelerated 
oxidation of the lightly doped n-type impurity diffusion 
region 38. Moreover, the quality of each of the tunnel 
insulating film 39A and the capacitance insulating film 39B 
5 formed integrally by the internal-combustion thermal 
oxidation is equal or superior to the quality of a thermal 
oxide film formed in a normal oxygen atmosphere. 

Furthermore, the occurrence of a bird's beak in the 
second thermal oxide film 28 as the gate oxide film and the 
10 occurrence of a bird's beak in the lower portion of the side 
surface of the control gate electrode 31A are suppressed. 
This provides the gate oxide film and the capacitance 
insulating film 39B each having a nearly uniform thickness. 

i 

15 EMBODIMENT 9 

A nonvolatile semiconductor memory device according to 
a ninth embodiment of the present invention and a method for 
fabricating the same will be described with reference to the 
drawings . 

20 FIG. 37A shows a cross-sectional structure of a memory 

element in the nonvolatile semiconductor memory device 
according to the ninth embodiment and FIG. 37B shows a 
variation thereof. m FIGS. 37A and 37B, the description of 
the same components as shown in FIG. 1 is omitted by 

25 retaining the same reference numerals. 
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as shown in fig. 37A, a memory element according to the 
ninth embodiment has a protective insulating film 14C which 
is a multilayer structure composed of a silicon dioxide film 
and a silicon nitride film and provided only on that one of 
5 the side surfaces of the control gate electrode 13 opposed to 
the floating gate electrode 15 and a protective insulating 
film 14 which has a protruding portion in the lower part 
thereof and is provided on the side surface of the control 
gate electrode 13 opposite to the floating gate electrode 15. 
10 as shown in FIG. 37B, on the other hand, a memory 

element according to the variation of the ninth embodiment 
has a protective insulating film 14 „ hich is , muXtllayer 
structure composed of a silicon dioxide film and a silicon 
nitride film, provided on that one of the side surfaces of 
15 the control gate electrode 13 opposed to the floating gate 
electrode 15, and having a protruding portion in the lower 
part thereof and a protective insulating film 14 c which is 
formed only on that one of the side surfaces of the control 
gate electrode 13 opposite to the floating gate electrode 15. 
20 The description will be g ive „ next to „ method foj . 

fabricating the memory element in the nonvolatile 
semiconductor memory device according to the ninth embedment 
with reference to figs. 38 a to 38G. As for the steps of (!) 
Formation of Isolation Regions, (2, Formation of Well Regions. 
25 ,3, Formation of Gate Oxide Films, and ,5) Formation of 
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Elements in Peripheral Circuit Formation Region, they are the 
same as in the first embodiment. In FIGS. 38A to 38G, the 
same components as used i„ the first embodiment are 
designated at the same reference numerals. 
5 First, dry etching is performed with respect to the 

second silicon nitride film 32 and to the polysilicon film 31 
by using a mas* pattern 109 as a pattern for forming the 
control gate electrode of the memory element formed on the 
second silicon nitride , ilm 3 2, whereby the control gate 
10 electrode 31* composed of an n-type polysilicon film and 
having the upper surface covered with the second silicon 
dioxide film 32 is formed. 

Next, as shown in FIG. 38*, the mask pattern 109 is 
removed and then the mask pattern 110 having an opening over 
15 the drain formation region is formed on the semiconductor 
substrate 21. By using the formed mask pattern no, boron 
(B) ions at a dose of about 5 x 10'= cm- to 1 x 10" cm" are 
implanted into the semiconductor substrate 21 with an implant 
energy of about 5 kev to 15 kev, whereby the first lightly 
20 doped p-type impurity diffusion region 33 having a near- 
surface impurity concentration of about 5 x 10" cm"' to 1 x 
10" cm- and a shallow junction is f orm ed. It is also 
possible to preliminarily remove the portion of the second 
thermal oxide film 28 located above the first lightly doped 
25 p-type impurity diffusion region 33 by wet etching using 
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hydrofluoric, acid and implant the boron (B) ions under the 
implant conditions described above. 

Next, as shown in FIG. 38b, the mask pattern 110 is 
removed and then a second silicon dioxide film 34 and the 
third silicon nitride film 35 each having a thickness of 
about 5 nm to 15 nm are deposited successively by cvd over 
the entire surface of the semiconductor substrate 21 
including the second silicon nitride film 32 and the control 
gate electrode 31A. Then, the BPSG film 37A with a thickness 
of about 40 nm to 100 nm is deposited by CVD over the entire 
surface of the third silicon nitride film 35. 

Then, as shown in FIG. 38C, anisotropic etching is 
performed to etch back the deposited BPSG film 37A and 
further remove the third silicon nitride film 35, the second 
silicon dioxide film 34, and the second thermal oxide film 28, 
thereby exposing the semiconductor substrate 21 and forming 
the sidewalls 37 on the side surfaces of the control gate 
electrode 31A via a protective insulating film 36 composed of 
the second silicon dioxide film 34 and the third silicon 
nitride film 35. 

Next, as shown in FIG. 38D, the sidewalls 37 are 
removed by using vapor-phase hydrofluoric acid. Then, as 
shown in FIG. 38E, the mask pattern ill having an opening 
over the drain region is formed on the semiconductor 
substrate 21. B y using the formed mask pattern 111, the 
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control gate electrode 31A, and the protective insulating 
film 36, dry etching is performed with respect to the upper 
, portion of the semiconductor substrate 21 by reactive-ion 
etching (RIE), thereby forming the recessed portion 21b at a 
depth of about 25 nm to 75 nm. At that time, the portions of 
the protective insulating film 36 covered with the bottom 
surfaces of the sidewalls 37 and the respective upper parts 
of the portions of the second thermal oxide film 28 covered 
with the bottom surfaces of the sidewalls 37 are removed, it 
is to be noted that the etching may also be performed by CDE 
instead of RIE. 

Next, boron (B) ions at a relatively low dose of about 
5 x 10" cm- to 1 x 10" cm- are implanted into the 
semiconductor substrate 21 with an implant energy of about 10 
kev to 30 keV by using the mask pattern 111, whereby the 
second lightly doped p-type impurity diffusion region (not 
shown) having a near-surface impurity concentration of about 
5 x 10" cm" 3 to 1 x 10" cm- and a junction slightly deeper 
than that of the first lightly doped p-type impurity 
diffusion region 33 is formed. Subsequently, arsenic (As) 
ions at a relatively low dose of about 5 x 10 12 cm- to 1 x 
10" cm- are implanted into the semiconductor substrate 21 
with an implant energy of about 20 keV to 50 kev by using the 
mask pattern 111, whereby the shallow lightly doped n-type 
impurity diffusion region 38 having a near-surface impurity 
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concentration of about 5 x 10- cm- to 1 x 10- cm- and a 
junction depth of about 40 nm is formed. m the present 
embodiment, the portions of the second thermal oxide film 28 
covered with the bottom surfaces of the sidewalls 37 serve as 
5 a mask against arsenic (As) ions. 

Next, as shown in FIG. 38F, the portions of the second 
thermal oxide film 28 covered with the bottom portions of the 
sidewalls 37 are removed by anisotropic etching. 

Next, as shown in FIG. 38G, the semiconductor substrate 
10 21 is thermally oxidized in an oxygen atmosphere at a 
temperature of about 850 °C, whereby a tunnel insulating film 
39 with a thickness of about 9 nm is formed on the exposed 
surface of the recessed portion, 21b of the semiconductor 
substrate 21. 

15 Next, the polysilicon (DP) fii m doped with pnosphorus 

(P) and having a thickness of about 120 nm to 200 nm is 
formed by CVD over the entire surface of the semiconductor 
substrate 21 including the gate electrode 31a and the 
protective insulating film 36. Subsequently, the DP film is 
20 etched back by anisotropic dry etching using the mask pattern 
having an opening over the drain region to form the sidewall- 
like DP fii m on the side surface of the control gate 
electrode 31A. Specifically, etching is halted at the time 
at which the tunnel insulating film 39 is exposed such that 
25 the sidewall-like DP f ilm 40A having a height corresponding 
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to about 80% of the height of the control gate electrode 31A, 
which is about 160 nm in this case, is formed on that one of 
the side surfaces of the control gate electrode 31A closer to 
the drain region to cover up the stepped portion of the 
recessed portion 21b in the semiconductor substrate 21. Then, 
by dry etching using the mask pattern for masking the 
sidewall-like DP film, the floating gate electrodes 40B are 
formed by self alignment from the sidewall-like DP film such 
that they are separate from each other to correspond to the 
individual memory elements. Each of the floating gate 
electrodes 40B is capacitively coupled to the side surface of 
the control gate electrode 31A closer to. the drain region 
with the protective insulating fii ra 3 6 interposed 
therebetween and opposed to the recessed portion 21b in the 
semiconductor substrate 21 with the tunnel insulating film 39 
interposed therebetween. 

Next, by using the control gate electrode 31A and the 
floating gate electrode 40B as a mask, arsenic (As) ions at a 
relatively high dose of about 5 x 10" cm- to 1 x 10" cm- 
are implanted into the semiconductor substrate 21 with an 
implant energy of about 50 keV. As a result, the source 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10 19 
cm" 3 to 1 x 10 21 cm' 3 are formed. 

J 

Although the stepped portion covered up with the 



floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 
ninth embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
stepped portion may not be provided. 

Thus, according to the ninth embodiment, each of the 
side surfaces of the control gate electrode 31A is covered 
with the protective insulating film 36 composed of the second 
silicon dioxide film 34 and the third silicon nitride film 35, 
which prevents oxidation of the side surfaces of the control 
gate electrode 31a. 

in addition, the both side surfaces of the control gate 
electrode 31A are covered with the protective insulating film 
36, which prevents the control gate electrode 31A from being 
damaged by etching during the formation of the floating gate 
electrode 40B. 

in the ninth embodiment also, each of the elements in 
the peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A and the floating gate 
electrode 40B suffer no etching damage. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating film 36 and are not in direct contact 
with the semiconductor substrate 21, as shown in FIG. 38C, 



the surface of the semiconductor substrate 21 is not damaged 
when the sidewalls 37 are removed in the subsequent step. 
This stabilizes the operation of the memory elements. 

For the memory element according to the variation of 
5 the ninth embodiment shown in FIG. 37B, it is appropriate to 
form the recessed portion 21b by leaving the sidewalls 37 
after the step shown in FIG. 38c and then remove the 
protruding portion of the protective insulating film 36 and 
the end portion of the thermal oxide film 28 which are closer 
10 to the source region. 

Alternatively, it is also possible to form the tunnel 
insulating fii m 16 by the internal-combustion pyrogenic 
oxidation and form the silicon dioxide film 14a by the 
internal-combustion pyrogenic oxidation also on the outer 
15 portions of the protective insulating films 14 and 14C, as 
shown in FIGS. 37C and 37D. 

A description will be given herein below to a specific 
example of a method for forming the tunnel insulating film 16 
and the silicon dioxide film 14a. m the step of forming the 

20 tunnel insulating fil m shown in FIG. 38G, e.g., hydrogen gas 
and oxygen are introduced into the chamber of the rapid 
thermal oxidation apparatus in which the temperature is set 
to about 900 -C to 1100 «C and the pressure is set to about 
1000 Pa to 2000 Pa such that the semiconductor substrate 21 

25 is thermally oxidized with water vapor generated thereover, 
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whereby the tunnel insulating film 39 with a thickness of 6 
nm to 15 nm is formed on the exposed surface of the recessed 
portion 21b of the semiconductor substrate 21. since the 
internal-combustion thermal oxidation also oxidizes the 
silicon nitride film, the exposed surface of the silicon 
nitride film 35 in the outer portion of the protective 
insulating film 36 is oxidized, whereby the tunnel insulating 
film 16 and the silicon dioxide film 14a shown in FIG. 37c or 
37D are formed. 

EMBODIMENT 10 

A nonvolatile semiconductor memory device according to 
a tenth embodiment of the present invention and a method for 
fabricating the same will be described with reference to the 
drawings . 

FIG. 39 shows a cross-sectional structure of a memory 
element in the nonvolatile semiconductor memory device 
according to the tenth embodiment. in FIG. 39, the 
description of the same components as shown in FIG. 1 is 
omitted by retaining the same reference numerals. 

The tenth embodiment features a single-layer protective 
insulating film 14A composed of a silicon nitride which is 
provided on each of the side surfaces of the control gate 
electrode 13 and a control gate electrode 13 having a silicon 
dioxide film 13b which is formed by the internal-combustion 
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pyrogenic oxidation on each of the side portions thereof. 

The description will be given next to a method for 
fabricating the memory element in the nonvolatile 
semiconductor memory device according to the tenth embodiment 
5 with reference to FIGS. 40A to 40H. As for the steps of (1) 
Formation of Isolation Regions, (2) Formation of Well Regions, 
(3) Formation of Gate Oxide Films, and (5) Formation of 
Elements in Peripheral Circuit Formation Region, they are the 
same as in the first embodiment. m FIGS. 40A to 40H, the 

10 same components as used ir, *-k=> * • 

usea m the first embodiment are 

designated at the same reference numerals. 

First, as shown in FIG. 40A, dry etching is performed 
with respect to the second silicon nitride film 32 and to the 
polysilicon film 31 by using the mask pattern 109 as a 
15 pattern for forming the control gate electrode of the memory 
element formed on the second silicon nitride film 32, whereby 
the control gate electrode 31A composed of an n-type 
polysilicon film and having the upper surface covered with 
the second silicon dioxide film 32 is formed. 
20 Next, as shown in FIG. 40B, the mask pattern 109 is 

removed and then hydrogen gas and oxygen gas are introduced 
into the chamber of the thermal oxidation system in which the 
temperature is set to about. 900 «C to 1100 "C and the pressure 
is set to about 1000 Pa to 2000 Pa. By thermally oxidizing 
25 the control gate electrode 31A with water vapor generated 
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over the semiconductor substrate 21, a silicon dioxide film 
31b with a thickness of about 5 nm to 15 nm is formed on each 
of the side portions of the control gate electrode 31A. 
Subsequently, the mask pattern 110 having an opening over the 
drain formation region is formed on the semiconductor 
substrate 21. By using the formed mask pattern 110, boron 
(B) ions at a dose of about 5 x 10 12 cm" 2 to 1 x 10" cnT 2 are 
implanted into the semiconductor substrate 21 with an implant 
energy of about 5 kev to 15 kev, whereby the first lightly 
doped p-type impurity diffusion region 33 having a near- 
surface impurity concentration of about 5 x 10 16 cm 3 to 1 x 
10" cm" 3 and a shallow junction is formed. it is also 
possible to preliminarily remove the portion of the second 
thermal oxide film 28 located above the first lightly doped 
P-type impurity diffusion region 33 by wet etching using 
hydrofluoric acid and implant the boron (B) ions under the 
implant conditions described above. 

- Next, as shown in FIG. 40C, the mask pattern 110 is 
removed and then the third silicon nitride film 35 having a 
thickness of about 5 nm to 15 nm is deposited by CVD over the 
entire surface of the semiconductor substrate 21 including 
the second silicon nitride film 32 and the control gate 
electrode 31a. 

Then, as shown in FIG. 40D, the BPSG film 37A with a 
thickness of about 40 nm to 100 nm is deposited by CVD over 
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the entire surface of the third silicon nitride film 35. 

Then, as shown in FIG. 40E, anisotropic etching is 
performed to etch* back the deposited bpsg film 3 7A and 
further remove the third silicon nitride film 35 and the 
second thermal oxide film 28, thereby exposing the 
semiconductor substrate 21 and forming the sidewalls 37 on 
the side surfaces of the control gate electrode 31A via the 
protective insulating film 36 composed of the third silicon 
nitride film 35. 

Next, as shown in FIG. 40F, the mask pattern 111 having 
an opening over the drain region is formed. By using the 
formed mask pattern 111, the control gate electrode 31A, and 
the sidewalls 37, dry etching is performed with respect to 
the upper portion of the semiconductor substrate 21 by 
15 reactive-ion etching (Ri E ), thereby forming the recessed 
portion 21b at a depth of about 25 nm to 75 nm. The etching 
may also be performed by CDE instead of rie. 

Next, boron (B) ions at a relatively low dose of about 
5 x 10" cm- to 1 x 10 " cm - 2 are intQ ^ 

20 semiconductor substrate 21 with an implant energy of about 10 
kev to 30 kev by using the mask pattern 111, whereby the 
second lightly doped p-type impurity diffusion region (not 
shown) having a near-surface impurity concentration of about 
5 x 10" cm- to 1 x 10" cm- and a junction slightly deeper 
25 than that of the f irst lightly doped p _ type 
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diffusion region 33 is formed. Subsequently, arsenic (As) 
ions at a relatively low dose of about 5 x 10 12 cnT 2 to 1 x 
10" cm" 2 are implanted into the semiconductor substrate 21 
with an implant energy of about 20 keV to 50 keV by using the 
mask pattern 111, whereby the shallow lightly doped n-type 
impurity diffusion region 38 having an impurity concentration 
of about 5 x 10" cm- to 1 x 10" cm- and a junction depth of 
about 40 nm is formed. 

Next, as shown in FIG. 40G, the mask pattern 111 is 
removed and the sidewalls 37 are further removed by using 
vapor-phase hydrofluoric acid. Then, as shown in FIG. 40H, 
the semiconductor substrate 21 is thermally oxidized in an 
oxygen atmosphere at a temperature of about 850 «C , whereby 
the tunnel insulating film 39 with a thickness of about 9 nm 
is formed on the exposed surface of the recessed portion 21b 
of the semiconductor substrate 21. 

Next, the polysilicon (DP) film doped with phosphorus 
(P) and having a thickness of about 120 nm to 200 nm is 
formed by CVD over the entire surface of the semiconductor 
substrate 21 including the gate electrode 31A and the 
protective insulating film 36. Subsequently, the DP film is 
etched back by anisotropic dry etching using the mask pattern 
having an opening over the drain region to form the sidewali- 
like DP film on the side surface of the control gate 
electrode 31A. Specifically, etching is halted at the time 
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at which the tunnel insulating film 3, is exposed such ^ 
the sidewall-like DP film 40A naving , he . ght ^^^^ 

to about 80% of the height of the controi gate electrode 31A, 
which is about 160 nm i„ this case , is formed on ^ ^ ^ 
5 the side surfaces of the contro! gate electrode 31A closer to 
the drain region to cover up the stepped portion of the 
recessed portion 21b in the semiconductor substrate 21. Then, 
by dry etching using the mask pattern for masking 
sidewall-l ike DP film, the floating gate electrodes 40B are 
10 formed by self alignment from the sidewall-li ke DP film such 
that they are separate from each other to correspond to the 
individual memory elements. Each of the floating gate 
electrodes 40 B is capacitively coupled to the side surface of 
the control gate electrode 3!A closer to the drain region 
15 with the protective insulating f ilm 36 interposed 
therebetween and opposed to the recessed portion 21b in the 
semiconductor substrate 21 with the tunnel insulating film 39 
interposed therebetween. 

Next, by using the control gate electrode 31A and the 
20 floating gate electrode 40B as a masx, arsenic (As) ions at a 
relatively high dose of about 5 x 10- cm- to 1 x 10" cm- 
are implanted into the semiconductor substrate 21 with an 
implant energy of about 50 Rev. As a result, the source 
region 42 and the drain region 43 in each of which the near- 
25 surface impurity concentration of arsenic is about 5 x 10" 
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cm' 3 to 1 x 10 21 cm" 3 are formed. 

Although the stepped portion covered up with the 
floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 
tenth embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
stepped portion may not be provided. 

Thus, according to the tenth embodiment, each of the 
side surfaces of the control gate electrode 31A is covered 
with the protective insulating film 36, which prevents the 
control gate electrode 31A from being damaged by etching 
during the formation of the floating gate electrode 40B. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating film 36 and are not in direct contact 
with the semiconductor substrate 21, as shown in FIG. 4QE, 
the surface of the semiconductor substrate 21 is not damaged 
when the sidewalls 37 are removed in the subsequent step. 
This stabilizes the operation of the memory elements. 

in the tenth embodiment also, each of the elements in 
the peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A -and the floating gate 
electrode 40B suffer no etching damage. 

Since the silicon dioxide film 31B has been formed by 
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the pyrogenic internal-combustion thermal oxidation on each 
of the side portions of the control gate electrode 31A, it is 
more compact than a silicon dioxide film formed by CVD. This 
enhances the effect of suppressing the release of electrons 
5 accumulated in the floating gate electrode 40B and increases 
the reliability of the memory element. 

Although the tenth embodiment has provided the 
protective insulating film 3 6 on each of the side surfaces of 
the control gate electrode 31a, the protective insulating 
10 film 36 located on the side of the control gate electrode 31A 
opposite to the floating gate electrode 40B need not be 
provided, as shown in FIG. 41a. it is also possible to 
remove only the protruding portion in the lower part of the 
protective insulating fii m 36 located on the side of the 
15 control gate electrode 31a opposite to the floating gate 
electrode 40B, as shown in FIG. 4i B . 

It is also possible to remove, from the structure shown 
in FIG. 40G, the sidewalls 37 and further remove the 
respective portions of the protective insulating film 36 and 
20 the second insulating film 28 serving as the gate oxide film 
which are covered with the bottom surfaces of the sidewalls 
37 by anisotropic etching to provide the structure shown in * 
FIG. 42A. as shown in FIG. 42B, it is also possible to leave 
the protruding portion in the lower part of the protective 
25 insulating film 36 located on the side of the control gate 
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electrode 31A opposite to th» ri 

fp site to the floating gate electrode 40B. 

As shown in fig. 43, it is a!so possible to remove the 
protective insulating £i l m 36 located on ^ one Qf ^ ^ 
surface of the control gate electrode 31A opposite to the 
5 floating gate electrode 40B. 

in the structures shown in figs. 42a, 42B, and 43, the 
respective portions of the protective insulating film 36 and 

the second insulating film 2 s uhi.h 

g rum 28 whxch are covered with the 

bottom surfaces of the sidewalls 37 no .ore exist. This 
10 suppresses the trapping of electrons or holes in the 
protective insulating fil m „ and the seOQnd insulating ^ 
28 during a write or erase operation. as a result, the 
degradation of the operating characteristics of the memory 
element due to repeated write and erase operations performed 
15 with respect to the memory element can be suppressed. 

VARIATION OF EMBODIMENT 10 

A variation of the tenth embodiment of the present 
invention will be described with reference to the drawings. 
20 FIG. 44 shows a cross-sectional structure of a memory 

element in a nonvolatile semiconductor memory device 
according to the variation of the tenth embodiment, I„ rIG . 
44, the same components as shown i„ FIG. 42 are designated at 
the same reference numerals. 

The present variation features a tunnel insulating film 
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16 which is formed by the internal-combustion pyrogenic 
oxidation and a silicon dioxide film 14 a wnlcn is fonned fcy 
the internal-combustion pyrogenic oxidation on the surface of 
the protective insulating film M opposite to ^ 
5 gate electrode 13. 

A description will be given herein below to a specific 
example of a method for forming the tunnel insulating film 16 
and the silicon dioxide film 14a. 

in the step of forming the tunnel insulating film 39 
10 shown in FIG. 40„ according to the tenth embodiment, e.g., 
hydrogen gas and oxygen gas are introduced into the chamber 
of the rapid thermal oxidation apparatus in which the 
. temperature is set to about 900 "C to 1100 "C and the pressure 
is set to about 1000 Pa to 2000 Pa such that the 
15 semiconductor substrate 2! is thermally oxidized with vapor 
generated over the semiconductor substrate 21, whereby the 
tunnel insulating film 39 with a thickness of 6 « to !5 nm 
is formed on the exposed surface of the recessed portion 21b 
of the semiconductor substrate 21. At this tlmm. the exposed 
20 surface of the protective insulating film 36 composed of a 
silicon nitride is also oxidized simultaneously so that the 
tunnel insulating £il m M and the silicon dioxide film 14a 
shown in fig. 44 are formed, 

in addition to achieving the same effects as achieved 

25 by the tenth embodiment fh^ r,T-o e ««- 

nt ' tne Present varxation forms the 
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tunnel insulatinq film 3q ,.h+.k 

g turn 39 wxth a nearly uniform thickness 

since the formation of the i-nn„~i 

the tunnel insulating film 39 by the 

internal-combustion thermal oxidation suppresses accelerated 
oxidation of the li ghtly doped n . type 
5 region 38. Moreover, the qua i ity of the tunnel 

film 39 formed by the internal-combustion thermal oxidation 

13 6qUal ° r SUPer±0r t0 the *»«Uty of a tunnel insulating 
film formed in a normal oxygen atmosphere. 

Furthermore, the hqo ^-f ^ u _ 

tne use of the xnternal-combustion thermal 

10 oxidation suppresses the 

ppresses the occurrence of a bird's beak in the 

second thermal oxide film ->a „ -u 

roe f llm 2 8 as the gate oxide film and the 

occurrence or a bird's beak in the lower portion of the side 
surface of the control g ate electrode 31 A so that each of the 
,ate oxide fil m a „d the protective insulating film 34 serving 
15 as the capacitance insulating f Uln is formed tQ have . ^ 
uniform thickness. 

Since the use of the internal-combustion thermal 
oxidation further oxidizes the outer surface of the silicon 
nitride film of the protective insulating film 14R to form 
20 the silicon dioxide film 14 a as shown in FIG. 44. the effect 
of suppressing the release of electrons accumulated in the 
floating gate electrode 15 is improved and the reliability of 
the memory element is improved. 

Although the present variation has provided the 
25 protective insulating fu . 3 4 on each of the side surfaces of 
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the. control gate electrode 31«, the protective insulating 
film 36 located on the side of the contro! gate electrode 31A 
opposite to the floating gate electrode 40B need not be 
provided, as shown i„ FIG. 45. A silicon dioxide fil m 36 a 
5 formed on the protective insulating fil m 3 6 in FIG . 45 
corresponds to the silicon dioxide fil m 14a in FIG. 44. 

It is also possible to remove the respective portions 
of the protective insulating f Un 36 and the 
insulating fil m 28 which are covered „ ith ^ 

10 of the sidewalls 37 to provide the structure shown i„ FIG. 4 6 . 

As shown in fig. 47, it is also possible to remove the 

protective insulating fil m 3 6 located on that one of the side 

surfaces of the control gate electron •,,„ 

' electrode 31A opposite to the 

floating gate electrode 40B. 
" in the structure shown in PIGS . 46 an<J 4?> ^ 

respective portions of the protective insulating fil n 36 and 

the second insulating film 28 wh inh ^ 

y mm 28 which are covered with the 

bottom surfaces of the sidewalls 37 no more exist. This 
suppresses the trapping of electrons or ho!es in the 
20 protective insulating fil m 36 and the second insulating fil m 
28 during a write or erase operation. As . result, the 
degradation of the operating characteristics of the memory 
element due to repeated write and erase operations performed 
with respect to the memory element can be suppressed. 

It is also possible to remove, of the protective 



25 

aJ .ow possible 
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insulating £ilm 36 provided „„ ^ Qf ^ ^ ^ 
the control gate electrode 3!*, only the protruding portion 
which is located on the side opposite to the floating gate 
electrode 40B. Conversely, it is also possible to remove 
5 only the protruding portion of the protective insulating fil m 
36 which is located on the side opposed to the floating gate 
electrode 40B. 

EMBODIMENT 11 

10 A nonvolatile semiconductor memory device according to 

an eleventh embodiment of the present invention and a method 
for fabricating the same will be described with reference to 
the drawings . 

FIG. 48 shows a cross-sectional structure of a memory 
15 element in the nonvolatile semiconductor memory device 
according to the eleventh embodiment. In FIG. 48, the 
'description of the same components as shown in fig. 1 is 
omitted by retaining the same reference numerals. 

The eleventh embodiment features a protective 
20 insulating film 14 which is a three-layer structure formed on 
each of the side surfaces of the control gate electrode 13 
and composed of a silicon dioxide film, a silicon nitride 
film, and a silicon dioxide. film formed in this order on the 
control gate electrode 13 and a tunnel insulating film 16 
« which is formed by the internal-combustion pyrogenic 
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oxidation. 



The description will be ?iven next „ fl mechod ^ 
fabricating the memory element in the nonvolatile 
- semiconductor memory device according to the eleventh 
5 embodiment with reference to PIGS. 49A to 49H. As for the 
steps of ,1, Formation of Isolation Regions, <2, Formation of 
well Regions, ,3, Formation of Gate Oxide Films, and ,5, 
Formation of Elements in Peripheral circuit Formation Region, 
they are the same as in the first embodiment. In pigs. 49a 
10 to 49H, the same components as used in the first embodiment 
are designated at the same reference numerals. 

First, as shown in pig. 4 9a, dry etching is performed 
with respect to the second silicon nitride film 32 and to the 
polysilicon film 3! by using the mask pattern 109 as a 
15 Pattern for forming the control gate electrode of the memory 
element formed on the second silicon nitride film 32, whereby 
the control gate electrode 31A composed of an n-type 
polysilicon film and having, the upper surface covered with 
the second silicon dioxide film 32 is formed. 
" Next, as shown in PIG. 49B, the mask pattern 109 is 

removed and the mask pattern Ho having an opening over the 
drain formation region is formed on the semiconductor 
substrate 21. By using the formed mask pattern 110, boron 
(B) ions at a dose of about 5 x 10" cm- to 1 x .10" cm- are 
25 implanted into the semiconductor substrate 21 with an implant 
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energy of about 5 kev to 15 kev, whereby the first lightly 
doped p-type impurity diffusion region 33 having a near- 
surface impurity concentration of about 5 x 10" cm- to 1 x 
10" cm- and a shallow junction is formed. It is also 
5 possible to preliminarily remove the portion of the second 
thermal oxide film 28 located above the first lightly doped 
P-type impurity diffusion region 33 by wet etching using 
hydrofluoric acid and implant the boron (B) ions under the 
implant conditions described above. 

Next, as shown in FIG 4.or> >k« _ • 

Ml " 49C ' the mask pattern 110 is 

removed and then the second silicon dioxide f ilm 3 4, the 
third silicon nitride fii m 35 , and a fourth silicon dioxide 
film 51 each having a thickness of about 5 nm to 15 nm are 
deposited successively by cvd over the entire surface of the 
15 semiconductor substrate 21 including the second silicon 
nitride film 32 and the control gate electrode 31A. 

Then, as shown in FIG. 49D, the BPSG film 37A with a 
thickness of about 40 nm to 100 nm is deposited by CVD over 
the entire surface of the fourth silicon dioxide film 51. 
20 Then, as shown in fig. 49E, anisotropic etching is 

performed to etch back the deposited BPSG fii m 3 7A and 
further remove the fourth silicon dioxide film 51, the third 
silicon nitride film 35, the second silicon dioxide film 34, 

and the second thermal oxide film 28 i-ho^K 

A-tue turn zb, thereby exposing the 

25 semiconductor substrate ?i * • 

ate 21 and forming the sidewalls 37 on 
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each of the side surface r>f 

surfaces of the control gate electrode 31A 

via the protective insulatina film 

uiating fn m 36 composed of the second 

silicon dioxide film 43 t-h«, *-k- , • 

rum 43, the third silicon nitride film 35, 

and the fourth silicon dioxide film 51 . 

Subsequently, as shown in pig. 4 9F, the masx pattern 
HI having an opening over the drain region is formed on the 

semiconductor substrata 01 0, 

uostrate 21. By using the formed mask pattern 

111, the control gate electrode 31*, and the side „ alls „ 
dry etching is performed with respect to the upper portion of 
the semiconductor substrate 21 by reactive-ion etching < RIE) , 
hereby forming the recessed portion 21b at a depth of about 
25 nm to 75 nm. The etching may also be performed by CDE 



instead of rie. 



Next, boron ( B> ions at a relatively low dose of about 

15 5 x 10" cm" 1 to 1 x 10" ™-J 

x 10 cm are implanted into the 

semiconductor substrate 21 with an im pla „ t energy of about 10 
*ev to 30 k ev by using the mas, pattern 111, whereby the 
second lightly doped p-type impurity diffusion region (not 
shown, having a near-surface impurity concentration of about 
20 5 x 10" cm- to 1 x 10" cm- and a Junction slightly deeper 
than that of the f irst lightly doped p _ type 

diffusion region 33 is formed. Subseguently, arsenic , A s, 
ions at a relatively low dose of about 5 x 10 » cm- to 1 x 
10" cm- are implanted into the semiconductor substrate 21 
25 with an implant energy of about 20 xev to 50 xev by using the 
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mas* pattern HI, hereby the shallow lightly doped n-type 
impurity diffusion region 38 having an impurity concentration 
of about 5 x 10- cm- to 1 x 10 » c.- and a junction depth of 
about 4 0 run is formed. 

Next, as shown in FIG. 49G, the mask pattern 111 is 

removed and the sidewall^ n « 

sxaewalls 37 are further removed by using 

vapor-phase hydrofluoric acid. Then, as shown in FIG. 49H, 
hydrogen gas and oxygen gas are introduced into the chamber 
of the thermal oxidation system in which the temperature is 

set to about 900 °C to 1100 °C an rf 

xxuu u and the pressure is set to 

about 1000 Pa to 20nn d= 

2 0 00 Pa. By thermally oxidizing the 

semiconductor substrate 21 with water vapor . generated 
thereover, the tunnel insulating fii m 3 9 with a thickness of 
about 6 nm to 15 nm is formed on the exposed surface of the 
recessed portion 21b of the semiconductor substrate 21. 
Since the exposed surface of the protective insulating film 
36 is covered with the fourth silicon dioxide fil m 51, the 
oxidation of the third silicon nitride fii m 35 of the 

protective insulatinq film i« K „ *.k 

-^ng rxim 36 by the xnternal-combustion 

thermal oxidation is prevented and the structure of the ONO 
film composed of the silicon nitride fii m of the protective 
insulating fil m 3 6 interposed between the silicon dioxide 
films is not damaged. 

Next, the polysilicon (DP) £ilm doped with phosphorus 
(P) and having a thickness of about 120 rm to 200 nn, is 
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forced by cvd over the entire surface q£ ^ 
substrate 21 including the gate electrode 31A and the 
protective instating fil m 36. Subsequently, the DP fil m is 
etched bac* by anisotropic dry etching using tne mask _ pattern 
• having an opening over the drain region to form a sidewall- 
like DP tUm on the aide surface of the control gate 
electrode 31A. Specifically, etching is halted at the time 
at which the tunnel insulating fil m 39 is exposed S(Jch ^ 
the side„all-l ik e DP fil n 40i havlng . height cor respo„di„ g 
to about 80* of the height of the control gate 
which is about I6 o „m in this case , ±s £omed on ^ ^ ^ 
the side surfaces of the control gate electrode 31A closer to 
the drain region to cover up the stepped portion of the 
recessed portion 21b in the semiconductor substrate 21. Then, 
by dry etching u si„ g the mask pattern ^ ^ 
side„all-l lke DP film, the fXoating gate electrodes ^ ^ 
formed by self ali g nment from the side„all-li ke DP film such 
that they are separate from each other to correspond to the 
individual memory elements. Each of the floating gate 
electrodes 40B is capacitively coupled to the side surface of 
the control g ate electrode 31A closer to the drain region 
»ith the protective insulating film 36 interposed 
therebetween and opposed to, the recessed portion 2!b in the 

semiconductor substrate ->t «»<♦.*. 

oscrate 21 wxth the tunnel insulating film 39 

interposed therebetween. 
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Next, by using the control gate electrode 31A and the 
floating gate electrode 40B as a mas*, arsenic (As) ions at a 
relatively high dose of about 5 x 10" cm- to 1 x l0 » cm- 
are implanted into the semiconductor substrate 21 with an 
5 implant energy of about 50 Kev. As a result, the source 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10" 
cm" J to 1 x 10" cm- are formed. 

Although the stepped portion covered up with the 
10 floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 

eleventh embodiment such that hot- ~i 

mat hot electrons are implanted 

with high efficiency into the fi n3 f <n „ 

tne £J -°ating gate electrode 40B, 

the stepped portion may not be provided: 
15 Thus, according to the eleventh embodiment, each of the 

side surfaces of the control gate electrode 3 lA is covered 
with the protective insulating fii m 36 , which prevent& ^ 
control gate electrode 3 lA from being damaged by etching 

during the formation of the fi oa t,-„„ 

tne rioatxng gate electrode 40B. in 

20 addition, the side surface of the control gate electrode 31* 
closer to the floating gate electrode 40B is not oxidized in 
the step for forming the tunnel insulating film 3 9. 

Since the sidewalls 37. composed of BPSG on the control 
gate electrode 31* have bottom surfaces which are on the 

25 protective insulating film 36 and are not in direct contact 
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with the semiconductor substrate 21, as shown in PIG . 49E , 
the surface of the semiconductor substrate 21 is not damaged 
when the sidewalis 37 are removed in the subsequent step. 
This stabilizes the operation of the memory elements. 
5 in the eleventh embodiment also, each of the elements 

in the peripheral circuit formation region is fomed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A and the floating gate 
electrode 40B suffer no etching damage. 
10 Since the tunnel insulating film 39 i s formed by the 

internal-combustion thermal oxidation, accelerated oxidation 
of the lightly doped n-type i^rity diffusion region „ 
suppressed so that the tunnel insulating film 39 has a nearly 
uniform thicxness. Moreover, the quality of the tunnel 
15 insulating film 3, formed by the internal-combustion thermal 
oxidation is equal or superior to the quality of a tunnel 
insulating film formed in a normal oxygen atmosphere. 

. Furthermore, the occurrence of a bird's beak in the 

second thermal oxide film 28 a« 

Um 28 as the g^e oxide film and the 

20 occurrence of a bird's beak in i-v,- i 

oeak m the lower portion of the side 

surface of the control gate electrode 31 A are suppressed. 

The provision of the fourth silicon dioxide film 51 in 
the outer portion of the protective insulating film 36 not 
only prevents the oxidation of the third silicon nitride film 
25 35 but also improves the controllability of the thickness of 



167 



10 



the third silicon nitride fila 35. since the protective 
insulating fii m 36 has the three-layer structure, the release 
of electrons accumulated in the floating gate electrode 15 is 

suppressed and the reliahiiii-v 

reliability of the memory element is 

improved . 

Although the eleventh embodiment has provided the 
protective insulating fil m 36 on each of the side surfaces of 
the control gate electrode 31A, the protective insulating 
film 36 located on the side of the control gate electrode 31A 
opposite to the floating gate electrode 40B need not be 
provided, as shown in FIG. 50A. m that case, a silicon 
dioxide film 31a is formed on the side portion of the control 
gate electrode 31A opposite to the floating gate electrode 
40B during the formation of the tunnel insulating fil m 39 by 
15 the internal-combustion thermal oxidation. 

It is also possible to remove, from the structure shown 
in FIG. 49G, the sidewalls 37 and further remove the 
respective portions of the protective insulating film 36 and 
the second insulating film 28 serving as the gate Qxide ^ 
20 which are covered with the bottom surfaces of the sidewalls 
37 by anisotropic etching to provide the structure shown in 
FIG. 51. 

As shown in FIG. 52, it is also possible to remove the 
protective insulating fii m 36 located on that one of the side 
25 surfaces of the control gate electrode 31A opposite to the 
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floating gate electrode 40B. 

in the structure shown in FIGS. 51 and 52, the 
respective portions of the protective insulating film 36 and 
the second insulating film 2a uhich are CQVered ^ ^ 
bottom surfaces of the sidewalls 37 no more exist. This 
suppresses the trapping o£ electrons or holes in the 
protective insulating £ilm 36 and the second insulating film 
28 during a write or erase operation. As a result, the 
degradation of the operating characteristics of the memory 
element due to repeated write and erase operations performed 
with respect to the memory element can be suppressed. 

It is also possible to remove, of the protective 
insulating film 35 provided on each of the side surfaces of 
the control gate electrode 31», only the protruding portion 
which is located on the side opposite to the floating gate 
electrode 40B. Conversely, it is also possible to remove 
only the protruding portion of the protective insulating film 
36 which is located on the side opposed to the floating gate 
electrode 40B. 



EMBODIMENT 12 



A nonvolatile semiconductor memory device according to 
a twelfth embedment of the present invention and a method 
for fabricating the same will be described with reference to 
the drawings . 
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FIG. 53 shows a cross-sectional structure of a memory 
element in the nonvolatile semiconductor memory device 
according to the twelfth embodiment. In FIG . 53 , the 
description of the same components as shown in FIG. 1 is 
5 omitted by retaining the same reference numerals. 

The twelfth embodiment features a protective insulating 
film 14 which is a multilayer structure composed of a silicon 
nitride film and a silicon dioxide film and formed in this 
order on each of the side surfaces of the control gate 
10 electrode 13. 

The twelfth embodiment also features a tunnel 
insulating film 16 „ hich is £ormed fay ^ internal . combustion 
pyrogenic oxidation and a silicon dioxide film !3b which is 
formed on each of the side portions of the control gate 
15 electrode 13 by the internal-combustion pyrogenic oxidation. 

The description will be given next ^ , method ^ 
fabricating the memory element in the nonvolatile 
semiconductor memory device according to the twelfth 
embodiment with reference to FIGS. S4A to 54H. As for the 
20 steps of (1, nation of Isolation Regions, (2) Formation of 
Well Regions, (3 > Formation of Gate Oxide Films, and ,5, 
Formation of Elements in Peripheral circuit Formation Region, 

they are the same as in the fir-*.- ^- 

n tne tl; rst embodiment. in FIGS. 54, 

the same components as used in the fi rCT ^ .. • 

xn tne first embodiment are 

25 designated at the same reference numerals. 
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First, as shown in FIG. 54A, dry etching is performed 
with respect to the second silicon nitride film 32 and to the 
polysilicon film 31 by using the mask pattern 109 as a 
pattern for forming the control gate electrode of the memory 
element formed on the second silicon nitride film 32, whereby 
the control gate electrode 31a composed of an n-type 
polysilicon film and having the upper surface covered with 
the second silicon dioxide film 32 is formed*. 

Next, as shown in FIG. 54B, the mask pattern 109 is 
removed and then hydrogen gas and oxygen gas are introduced 
into the chamber of the thermal oxidation system in which the 
temperature is set. to about 900 °C to 1100 °C and the pressure 
is set to about 1000 Pa to 2000 Pa. By thermally oxidizing 
the control gate electrode 31A with water vapor generated 
over the semiconductor substrate 21, the silicon dioxide film 
31b with a thickness of about 5 nm to 15 nm is formed on each 
of the side portions of the control gate electrode 31A. 
Subsequently, the mask pattern 110 having an opening over the 
drain formation region is formed on the semiconductor 
substrate 21. By using the formed mask pattern 110, boron 
(B) ions at a dose of about 5 x 10 12 cnf 2 to 1 x 10" cm" 2 are 
implanted into the semiconductor substrate 21 with an implant 
energy of about 5 keV to 15 kev, whereby the first lightly 
doped p-type impurity diffusion region 33 having a near- 
surface impurity concentration of about 5 x 10 16 cm' 3 to 1 x 



10" cm" 3 and a shallow junction is formed. it is also 
possible to preliminarily remove the portion of the second 
thermal oxide film 28 located above the first lightly doped 
p-type impurity diffusion region 33 by wet etching using 
hydrofluoric acid and implant the boron (B) ions under' the 
implant conditions described above. 

Next, as shown in FIG. 54c, the mask pattern 110 is 
removed and then the third silicon nitride film 35 and the 
fourth silicon dioxide fil m 51 each having a thickness of 
about 5 run to 15 nm are deposited successively by CVD over 
the entire surface of the semiconductor substrate 21 
including the second silicon nitride film 32 and the control 
gate electrode 31A. 

Then, as shown in FIG. 54D, the BPSG film 37A with a 
thickness of about 40 nm to 100 nm is deposited by CVD over 
the entire surface of the fourth silicon dioxide film 51. 

Then, as shown in FIG. 54E, anisotropic etching is 
performed to etch back the deposited BPSG film 37A and 
further remove the fourth silicon dioxide film 51, the third 
silicon nitride film 35, and the second thermal oxide film 28, 
thereby exposing the semiconductor substrate 21 and forming 
the sidewalls 37 on the side surfaces of the control gate 
electrode 31A via the protective insulating film 36 composed 
of the third silicon nitride film 35 and the fourth silicon 
dioxide film 51. 
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Next, as shown in FIG. 54F, the mask pattern 111 having 
an opening over the drain region is formed. By using the 
formed mask pattern. Ill, the control gate electrode 31A, and 
the sidewalls 37, dry etching is performed with respect to 
5 the upper portion of the semiconductor substrate 21 by 
reactive-ion etching (RIE) , thereby forming the recessed 
portion 2lb at a depth of about 25 nm to 75 nm. The etching 
may also be performed by CDE instead of rie. 

Next, boron (B) ions at a relatively low dose of about 

10 5 x 10 12 cm" 2 to ' 1 * in" ~ -2 

to 1 x 10 cm 2 are implanted into the 

semiconductor substrate 21 with an implant energy of about 10 
kev to 30 kev by using the mask pattern 111, whereby the 
second lightly doped p-type impurity diffusion region (not 
shown) having a near-surface impurity concentration of about 
15 5 x 10" cm- to 1 x 10- cm- and a junction slightly deeper 
than that of the first lightly doped p-type impurity 
diffusion region 33 is formed. Subsequently, arsenic (As) 
ions at a relatively low dose of about 5 x 10 12 cm' 2 to 1 x 
10" cm' 2 are implanted into the semiconductor substrate 21 
20 with an implant energy of about 20 keV to 50 kev by using the 
mask pattern ill, wher eby the shallow lightly doped n-type 
impurity diffusion region 38 having an impurity concentration 

of about 5 x 10 16 cm" 3 to 1 *■ in" ™-3 

to i x. 10 cm and a junction depth of 

about 40 nm is formed. 
25 Next, as shown in FIG. 54G, the mask pattern 111 is 
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removed and the sidewalls 37 are further removed by using 
vapor-phase hydrofluoric acid. Then, as shown in FIG. 54H, 
hydrogen- gas and oxygen gas are introduced into the chamber 
of the thermal oxidation system in which the temperature is 
5 set to about 900 °C to 1100 °C and the pressure is set to 
about 1000 Pa to 2000 Pa. By thermally oxidizing the 
semiconductor substrate 21 with water vapor generated 
thereover, the tunnel insulating fil ra 3 9 with a thickness of 
about 6 nm to 15 nm is formed on the exposed surface of the 
10 recessed portion 21b of the semiconductor substrate 21. 
Since the exposed surface of the protective insulating film 
36 is covered with the fourth silicon dioxide film 51, the 
oxidation of the third silicon nitride film 35 of the 
protective insulating fi im 3 6 by the internal-combustion 
15 thermal oxidation is prevented and the structure of the ONO 
film composed of the silicon dioxide film 31b on each of the 
side portions of the control gate electrode 31A, the third 
silicon nitride film 35 of the protective insulating film 36, 
and the fourth silicon dioxide fil ra 51 of the protective 
20 insulating film 36 is not damaged. 

Next, the polysilicon (DP) film doped with phosphorus 
(P) and having a thickness of about 120 nm to 200 nm is 
formed by CVD over the entire surface of the semiconductor 
substrate 21 including the gate electrode 31A and the 
protective insulating film 36. Subsequently, the DP film is 



25 
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etched back by anisotropic dry etching using the mask pattern 
having an opening over the drain region to form a sidewall- 
like DP fii m on the side surface of the control gate 
electrode 31A. Specifically, etching is halted at the time 
5 at which the tunnel insulating fii m 39 is exposed such that 
the sidewall-like DP film 40A having a height corresponding 
to about 80% of the height of the control gate electrode 31A, 
which is about 160 nm in this case, is formed on that one of 
the side surfaces of the control gate electrode 31A closer to 
10 the drain region to cover up the stepped portion of the 
recessed portion 21b in the semiconductor substrate 21. Then, 
by dry etching using the mask pattern for masking the 
sidewall-like DP film, the fi oating gate electrodes 4QB are 
formed by self alignment from the sidewall-like DP fii m such 
15 that they are separate from each other to correspond to the 
individual memory elements. Each of the floating gate 
electrodes 40B is capacitively coupled to the side surface of 
the- control gate electrode 31A closer to the drain region 
with the protective insulating film 36 interposed 
20 therebetween and opposed to the recessed portion 21b in the ' 

semiconductor substrate 21 w-ii-h +-k~ . 

aie " Wlth the tunnel insulating film 39 

interposed therebetween. 

Next, by using the control gate electrode 31A and the 
floating gate electrode 40B as a mask, arsenic (As) ions at a 
25 relatively high dose of about 5 x 10" cm- to 1 x 10" cm- 
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are implanted into the semiconductor substrate 21 with an 
implant energy of about 50 keV. As a result, the source 
region 42 and the drain region 43 in each of which the near- 
surface impurity concentration of arsenic is about 5 x 10 19 
cm" 3 to 1 x 10 21 cm" 3 are formed. 

Although the stepped portion covered up with the 
floating gate electrode 40B is provided under the floating 
gate electrode 40B in the semiconductor substrate 21 in the 
twelfth embodiment such that hot electrons are implanted with 
high efficiency into the floating gate electrode 40B, the 
stepped portion may not be provided. 

Thus, according to the twelfth embodiment, each of the 
side surfaces of the control gate electrode 31A is covered 
with the protective insulating film 36, which prevents the 
control gate electrode 31a from being damaged by etching 
during the formation of the floating gate electrode 40B. m 
addition, the side surface of the control gate electrode 31A 
closer to the floating gate electrode 40B is not oxidized 
during the formation of the tunnel insulating film 39. 

Since the sidewalls 37 composed of BPSG on the control 
gate electrode 31A have bottom surfaces which are on the 
protective insulating film 36 and are not in direct contact 
with the semiconductor substrate 21, as shown in FIG. 54E, 
the surface of the semiconductor substrate 21 is not damaged 
when the sidewalls 37 are removed in the subsequent step. 



This stabilizes the operation of the memory elements. 

in the twelfth embodiment also, each of the elements in 
the peripheral circuit formation region is formed 
subsequently to the step of forming the memory elements so 
that the control gate electrode 31A and the floating gate 
electrode 40B suffer no etching damage. 

Since the tunnel insulating film 39 is formed by the 
internal-combustion thermal oxidation, accelerated oxidation 
of the lightly doped n-type impurity diffusion region 38 is 
suppressed so that the tunnel insulating film 39 has a nearly 
uniform thickness. Moreover, the quality of the tunnel 
insulating film 39 formed by the internal-combustion thermal 
oxidation is equal or superior to the quality of a tunnel 
insulating film formed in a normal oxygen atmosphere. 

Furthermore, the occurrence of a bird's beak in the 
second thermal oxide film 28 as the gate oxide film and the 
occurrence of a bird's beak in the lower portion of the side 
surface of the control gate electrode 31A are suppressed. 

The provision of the fourth silicon dioxide film 51 in 
the outer portion of the protective insulating film 36 not 
only prevents the oxidation of the third silicon nitride film 
35 but also improves the controllability of the thickness of 
the third silicon nitride film 35. since the three-layer 
structure including the protective insulating film 36 and the 
silicon dioxide film 31b of the control gate electrode 31A is 



provided, the release of electrons accumulated in the 
floating gate electrode 15 is suppressed and the reliability 
of the memory element is improved. 

Although the twelfth embodiment has provided the 
protective insulating film 36 on each of the side surfaces of 
the control gate electrode 31A, the protective insulating 
film 36 located on the side of the control gate electrode 31A 
opposite to the floating gate electrode 40B need not be 
provided, as shown in FIG. 55A. m that case, the silicon 
dioxide film 31a is formed on the side portion of the control 
gate electrode 31A opposite to the floating gate electrode 
40B during the formation of the tunnel insulating film 3 9 by 
the internal-combustion thermal oxidation. 

It is also possible to remove, from the structure shown 
in FIG. 54G, the sidewalls 37 and further remove the 
respective portions of the protective insulating fii m 3 6 and 
the second insulating film 28 serving as the gate oxide film 
which are covered with the bottom surfaces of the sidewalls 
37 by anisotropic etching to provide the structure shown in 
FIG. 56. 

As shown in FIG. 57, it is also possible to remove the 
protective insulating fii m3 6 located on that one of the side 
surfaces of the control gate electrode 31A opposite to the 
floating gate electrode 40B. 

in the structure shown in FIGS. 56 and 57, the 
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respective portions of the protective insulating film 36 and 
the second insulating film 28 which are covered with the 
bottom surfaces of the sidewalls 37 no more exist. This 
suppresses the trapping of electrons or holes in the 
5 protective insulating film 36 and the second insulating film 
28 during a write or erase operation. As a result, the 
degradation of the operating characteristics of the memory 
element due to repeated write and erase operations performed 
with respect to the memory element can be suppressed. 
10 Zt is also Possible to remove, of the protective 

insulating film 36 provided on each of the side surfaces of 
the control gate electrode 31A, only the protruding portion 
which is located on the side opposite to the floating gate 
electrode 40B. Conversely, it is also possible to remove 
15 only the protruding portion of the protective insulating film 
36 which is located on the side opposed to the floating gate 
electrode 40B. 
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